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The Mission of AGARD

According to its Charter, the mission of AGARD is to bring together the feading personalities of the NATO nations in the fields
of science and technology relating to acrospace for the following purposes:

— Recommending effective ways for the member nations to use their research and development capabilities for the
common benefit of the NATO community;

— Providing scientific and technical advice and assistance to the Military Committee in the field of aerospace research and
development (with particular regard to its military application);

— Continuously stimulating advances in the acrospace sciences relevant to strengthening the common defence posture;

. -- Improving the ¢.. operation among member nations in aerospace research and development;

- Exchange of scientific and technical information;

— Providing assistance to member nations for the purpose of increasing their scientific and technical potential:

— Rendering scientific and technical assistance, as requested, to other NATO bodies and to member nations in conneciion
with research and development problems in the aerospace field.

The highest authority within AGARD is the National Delegates Board consisting of officially appointed senior representatives

from each member nation. The mission of AGARDis carried out through the Panels which are composed of experts appointed
by the National Delegates, the Consultant and Exchange Programme and the Acrospace Applications Studics Programme. The
resuits of AGARD work are reported to the member nations and the NATO Authorines through the AGARD series of

publications of which fiisfis one.
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Foreword

The previous AGARD Fluid Dynamics Panel Symposium on missile acrodynamics (AGARD Conference Proceedings
No.336) was held at Trondheim, Norway in September 1982. Since that time, substantial experimental and theoretical work
has been conducted in an attempt to improve the fundamental understanding of the aerodynamics of missiles, to provide

ive data bases and to develop semi-empirical and computational prediction methods. Whilst significant progress
has been made, the performance requirements of many types of missile have, at the same time, tended to widen significantly to
cover, for example, higher speeds, increased agility and longer range. In addition, the use of unconventional shapes for weapons
is now being considered more often. Consequently, new problems are being posed and thus, after eight years, it was considered
appropriate to hold another symposium on missile acrodynamics to (i) review current progress and achievements, (ii) highlight
outstanding problems and (iii) establish pointers for planning future rescarch programmes.

To this end, the Symposium addressed many aspects of the acrodynamic design and performance of missiles for the subsomc
through to the hypersonic flight regimes and reviews covering the stability and control of tactical missilcs and progress made in
the field of store carriage and release were also presented. 31 papers were accommodated in seven sessions with contributions
from Canada, France, Germany, Turkey, United Kingdom and United States. The sessions were:-

— Overview (3 invited papers)

-- Analysis and Predictive Methodologies: Computational Methods/Validation (5 papers)

~— Analysis and Predictive Methodologies: Empirical Tools and Experimental Techniques (© papers)
— Flow Separation and Interference Effects (3 papers)

— Unconventional Shapes and Projectiles (5 papers)

— Propulsion, Base Flows s Jet Reaction Controls (5 papers)

~— Acrothermodynamics and Hypersonics (5 papers)

The Symposium ended with a substantial and worthwhile discussion period whicl began with a preliminary assessment given
by the Technical Evaluator. These proceedings include a record of the discussior.. The Technical Evaluation Report is available
as AGARD Advisory Report AR-298.

PRFagnell
Prr.,gramme Committee Chairman
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Avant-Propos

Le dernier symposium sur Paérodynamique des missiles organisé par le Panel AGARD de la Dynamique des Fluides s'est tenu
aTrondheim en Norvége en septembre 1982 (voir compte-rendu de conférence AGARD No.336). Depuis lors, d'importants
travaux théoriques et expérimentaux ont été réalisés en vue d'élargir lv domaine des connaissances de I'aérodynamique des
missiles, de fournir des bases de données complétes et d'élaborer des méthodes de prévision semi-empurigues et statistiques
Bicn que des progres importants aent €té réalisés dans ce domaine, 'enveloppe des performances exigées a tendance a s'élargir,
pour inclure, par exemple, Paceroissement de la vitesse et la manoeuvrabilité, ainsi que I'extension de la portée. En outre, les
formes de missiles exotiques sont de plus en plus a envisager.

Pa: conséquent, dv nouveaux probiémes se posent et, huit ans apres, le Panel AGARD de la Dynamique des Fhndes a jugé
opportun d'organiser un deuxieme syreposium sur ce sujet afin de (i) 1aire le point des travaux en cours et des résultats déja
obtenus, (i) définir les problémes qui restent & résoudre, et (iti) poser des repéres en vue de la planification des futurs
programmes de recherche.

A cette fin, le symposium a examiné différents aspects de la conception aérodynamique et les performances des missiles, pour
des régimes de vol allant du subsonique a 'hypersonique. Des exposés portant sur la stabilité et le contréle des missiles tactiques
etsur les progres réalisés dans le domaine de 'emport et du largage des charges extersies ont également été présentées. En tout,
quelques 31 exposés ont pu étre donnés par des conférenciers du Canada, de la France, de tAllemagne, de la Turquie, du
Royaume-Uni et des Etats-Unis lors des 7 sessions du symposium, a savoir:

~ préambule (3 communications sur invitation)

— Panalyse et les méthodologies de prévision: les méthodes de calcul/validation (5 communications)

~ P'analyse et ies méthodologics de prévision: les outils empiriques et les techniques expérimentales (5 communications)
— le décollement de I'écouiement et les effets de sillage (3 communications)

—les formes et les projectiles peu conveationnels (S communications)

— la propulsion, les écoulements de culot et les cc mmandes par jets de gaz (5 communications)

— l'aérothesmodynamique et I'hypersonique (5 communications)

Le symposium s'est tenminé par un échange de vues soutenu et trés valable, avec, en guise d’introduction, une évaluation
préliminaire présentée par I'expert technique du syniposium. Ce compte-rendu comprend le texte du débat. Le rapport
d'evaluation technique est édité sous 1a forme du Rapport Consultatsf AGARD AR-298.

PR Bignell
Président du Comité de Programme
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SOME TRENDS IN MISSILE AERODYNAMICS

by
R.G. LACAU and M. ROBER"
aerospatiale - Division Engins Tactiques
2, rue Béranger - 92320 Chétillon - France

SUMMARY

The objective of this paper is to highlight the requirements for the next generation of tactical missiles, the
corresponding new aerodynamic problems, and the new wind tunnel testing techniques and computational methods.
A special attention is focused on : unconventional shapes as airbreathing missiles, stealth considerations, pyrotechnical
lateral jet control, high angles of attack and non rigid airframe. The computational codes presented are based on
the resolution of the Euler equations ; they are illustrated by numerous industrial examples.

1. INTRODUCTION

This paper provides a geucral review of trends in tactical missile acrodynamics. The paper contents four parts.

The first part is related (0 new requirements in tactical missiles. They are given for each missile family with
associated new aerodynamics problems.

The second part describes some of these problems facing the aerodynamicist :

- unconveational shapes which result from the use of side intakes on axisymmetric fuselage (ramjet mssiles),
the packaging of submunitions, the better integration on an aircraft,...

- stealth considerations,

- pyrotechnical lateral jet control which is highly suitable for : antitank, very short range missiles or missiles
which use this system during a limited operating time,

- high angles of incidence which are encountered when a missile is fired vertically in a turnover phase to intercept
a sea-skimming missile,...

- deformed shapes which result from loading.

Each problem will be described with his aerodynamic effects.

The ¢hird part presents non-classical wind tunnel testing relative to pyrotechnical lateral jet, and flowfield
investigatio:.‘

The fourth and last part is dedicated to computational fluid dynamics (CFD). This approach is essential to <

- treat complicated configurations as airbreathing missiles,

" - f;deot:tmme load distributions for structural calculations, local flow field properties (e.g. velocity profiles at an
inlet face),...

- provide with important insights into the understanding of complex flow mechanisms.

Not so long, in 1982 (previous AGARD symposium on missile aerodynamics), only the linearized potential solvers
were able to compute complete missife configurations. Since that time, remarkable progress have been done in numerical
methods particularly for the Euler equations and grid generation, allowing today to compute inviscid nonlinear flow
fields around complex 3D configurations. To demonstrate the capabilities of Euler codes we present several industrial
examples.

[

2. NEW REQUIREMENTS IN TACTICAL MISSILES

2.1 The antitank missiles
For the 3rd generation of antitank missiles, development work 1s taking place in two directions :
- the renewal of the actual series of medium range (2 km) and long range (4 km) missiles,
- the improvement of short rar.ge (25 m to 600 m) missiles.

» There will probably never be any great changes made to the shapes which will remain conventional, that means,
cylindrical cruciform with folding stabilizers at the rear. Nevertheless, for certain of these future antitank missiles
(ERYX, ACMP} an original construction method has been adopted :
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- motor at the front and hollow-charge warhead at the rear, thus enhancing warhead efficiency,

- force-type flight control system, enabling launching at reduced speed (launching possibilities within confined
areas) and a possibility of guidance at low speed (cfficiency at very short ranges). This new flight control system
will produce lateral jets, causing complex three-dimensional flow patterns (fig. 1).

2.2 The anti-ship missiles
In the future, due to the foreseen developments of anti-missile systems, it will be necessary to develop missiles
with a greater range and a greater target penetration capability. These results can be obtained by increasing the missile

speeds (Mach > 2) and by bringing them over the targets at very low heights with terminal maneuvering at high
load factors.

In the range of speeds and altitudes to be covered, the most satisfactory means of propulsion is the ramjet engine.
This is the type of propulsion selected for the successor of the EXOCET. The choice of this type of propulsion
has the effect of giving the missile an unconventional shape, due to the existence of air intakes (fig. 2).

2.3 The surface-to-air missiles

As the surface-to-air missiles have demonstrated their efficiency against attacking aircraft (i.e. the FALKLANDS
campaign and the IRAN-IRAK war), the attacking aircraft must now be eguipped with jamming counter-measures
to confuse surface-to-air missiles, and gir-to-surface missiles that can be launched beyond the range of the anti-aircraft
defences. For these reasons, future surface-to-air missiles must be able to intercept not only high performance aircraft
but also supersonic missiles having diving or surface-skimming flight paths, a high degree of maneuverability and
which are launched out of defensive range.

The response to these threats necessitates :

- vertical launching and turning over in all directions (reduction of launching sequence time),

- & supersonic speed,

- a very high degree of maneuverability (50 g). In order to obtain such maneuverability, but above all a very
short response time so as to render the evasive actions of the enemy aircraft ineffective, a very advanced technical
solution has been selected for the ASTER missile, which is being designed in France (fig. 3). This consists in a
force-type flight control by lateral jets, which provides very short response time, operating in conjunction with a
conventional aerodynamic flight control that makes the most important contribution to the maneuverability.

These new characteristics will lead to very high angles of incidence and complex three-dimensional flow patterns
due to lateral jets.

2.4 The air-to-air missiles

The development of the threat that can be anticipated at the end of this century necessitates the definition of
new missiles able to be fired from aircraft flying at very high incidence (35° and perhaps more) and capable of
hitting very maneuverable targets that may be dispersed throughout a very large range of altitude.

In order to fulfil this requirement, work is actually being undertaken in two directions :

- renewas of the present-day missiles, Examples : AMRAAM for long ranges, ASRAAM for short ranges, both
types being developed within an international framework ;

- development of a light missile capable of fulfilling requirements for long range interception missions and dogfights.
Example : the MICA missile which is being developed in France (fig. 4). This missile is small, of low weight, very
compact (long chord wings). and provided with a mixed flight control system incorporating both aerodynamic control
surfaces and jet deflector control surfaces, which allows very great variations of attitude. The choice of long chord
wings and rear control surfuces enabies high angles of incidence while allowing the missile to be slung cirectly against
the underside of the aircraft.

2.5 The air-to-surface missiles
About air-to-surface missiles, the object is to launch them from an aircraft beyond the range of the enemy defences.

Among long range and highly accurate missiles we can mention the ASMP which is certainly a weapon unique
in the world. It is propelled by a ramjet engine with an integrated booster, and equipped with a pair of two-dimens;onal
{ateral air intakes. Its shape is therefore unconventional (fig. 5). Flight control is aerodynamic, by means of rear
control surfaces.

A new gencration of cluster-type air-to-surface weapons is being prepared for future requirements for instance
APACHE in France. This modular subsonic missile is designed to carry sub-projectiles suited to designated fixed
or moving targets at a range of several tens of kilometers, while allowing the launching aircraft to remain out of
range of the ground-to-air defence systems of these targets. These missiles will no longer have a symmetrical shape
and they will have long folding wings (fig. 5). Their shape will be designed by taking geometrical constraints into
consideration in association with the reduction of the Radar Cross-Section (RCS).




3. NEW PROBLEMS FACING THE AERODYNAMICIST

3.1 Unconventional shapes

3.11. Bodies with side Intakes

Two classes of missiles are concerned :

- ramjet or ramroked missiles

- turbojet missiles.

Thle‘ gumber, shape and position of the air intakes must be choosen taking into account the following aspects
(ks‘ )

- external aerodynamics : drag, lift-to-drag ratio,
- operauonal constraints : overall dimensions (airplane carriage), discretion,...
- autopilot : skid-to-turn or bank-to-turn control.

Severall configurations are illustrated fig 6.

- With a single intake :
® nose intake has high pressure recoveries but bad integration. It is no longer used.
¢ chin intake is well suited for bank-to-turn flight contro! (well adopted for long range missions). It uses the
windward upstream part of the missile nose as supersonic compression ramp.
* annular intake has a better integration than the precedent but its performance is the poorest,
¢ vertical intake is an excellent solution. Compactness is good (the detection, attack and propulsion functions
are separated) and performance is high.
* top mounted intake is an optimum solution for RCS (the intake is hidden from the ground based radar) but
is limited in incidence.

- With two lateral intakes (e.g. ASMP)

A missile configuration with two lateral air intakes is well adapted for a bank-to-turn control. The intakes are
located diametrically opposed or inclined towards the bottom. The first case is the best for supplying the chamber
and for incrementing the normal force. The second case is the best for internal performance.

- With four intakes (¢.g. ANS, SA6)

A missile configuration with four lateral air intakes is well suited for skid-to-turn control. However, at high
incidence the lecward intakes reach their operation limit, and the lift-to-drag ratio of these configurations is not optimal
(two intakes are sufficient to give lift, the other two induce drag).

For all these intakes the shape may be : axisymmetric, half axisymmetric, rectangular (classical or inverted),...
(fig. 7.

The longitudinal location is a compromise between : the flowfield around the fuselage, the diffuser length, the
center of pressure and the attachment points on the fuselage, but the normal force is only slightly modified.

It is possible to increase the performance of such intakes by adding wings or strakes to the fuselage.

a) External s¢rodynamics (Ref. 3, 4)
Concerning external acrodynamics, airbreathing missiles may be classified in two families :
- configurations with nose, chin or annular intakes. These intakes influence only fusclage’s drag,
- configurations with lateral intakes. These intakes influence fuselage’s lift, stability and drag.
e Lift and stability
Geserally lateral intakes increase lift :
- intake spen influences mainly lift. Note that air intake aerodynamics behaves like the long-wing acrodynamics,
- length of the intake nacelle influences mainly the center of pressure,
- intake type influences lift and stability. For example rectangular intakes and fairings produce higher lift than
axisymmetric intakes,
- intake roll position is also important. The lift is maximal if the intakes are in an horizontal position (fig. 8 taken
from ref. 3).
¢ Drag
Figure 9 (ref. 4) presents the different drag components of an airbreathing missile with four axisymmetric air-
intakes at Mach 2 at sea level. We note the important contribution of the air intakes which represents in this case
38 ; of the total drag :
9 % tor inlets
15 % for the fairing boat-tails }  pressure doug
14 % for the friction drag
Tonpmmzedragwemus:doﬂxemrust—dmgbalance

* Coatrol surfaces efﬁcmcy hinge moments
Generally coatrol surfaces are located on the fairings. Therefore theoretical prediction of the control forces and
hinge mothents is very difficult.
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b) Flow field around the

The study of this flow field is necessary do detennme the best intake location. To obtain high performances,
low velocity fields are sought and low energy fields (boundary layers, vortices) are avoided.

A delicate problem concerns the ogival nose vortices that develop on the leeward side of the missile at angles
of attack beyond 5°. These vortices cause major total pressure losses in air intakes. With four-intake configurations,
there will be always one or two intakes affected by these low-energy regions. It should be noted that longitudinal
strakes upstream of the air intakes modify the natural development of the boundary layer around the fuselage
at incidence and make it possxble to move the vortices away from the intakes.

¢) Internal aerodynamics

Once we have defined the stream tube captured by the air intake, characterized by mean values in the inlet
plane (Mach, incidence, side-slop,...) it is possible to study the intake in a uniform flow ficld and consequently
to study it isolated. But this quick cheap method is not perfect and studies with air intakes on the fuselage are
imperative during the development process.

3.1.2. Non-circular bodies
Two classes of missiles are concerned :
- subsonic modular stand-off-missiles with square or rectangular cross-sections
- supersonic/hypersonic air-breathing missiles with elliptical or triangular,... cross-sections.

A typical subsonic modular stand-off-missile is presented fig. 10. The layout shows a square cross-section body
with the wing mounted at the top of the body to allow unrestricted installation of the submunitions.

‘The sharp corners of the body produce flow separations and vortex sheets inducing non-linear lift. Thus a square
body provides much more normal force than a circular body with the same cross-section area. When the body is
rolled the flow patterns change, they become unsymmetrical inducing lateral forces and moments, but become
symmetric again when the roll angle reaches 45°.

Typical supersonic/hypersonic air-breathing missiles are presented fig. 11 (Ref. 5-8). Their objectives are :

- optimum integration of the intakes in the fuselage flow field,

- low drag,

- high lift-to-drag ratio,

- low RCS,

- good integration under aircraft.

Different shapes are possible : waveriders, elliptical, triangular, square,... Figurc 11 presents two types of
examples :

- the waveriders which are dmgned for a minimum drag (streamlines on the leeward side are not deflected)
and for a maximum lift (shock wave is limited by the leading edges).

- the lenticular shape which is designed for a high lift-to-drag ratio at constant surface cross-section and for high
lift at incidence (the sharp leading edges generate vortices). Figure 11 presents an ONERA study.,

3.2 Stealth considerations

The main class of missiles which may be concerned by low radar signature (RCS) and low infrared signature
(IRS) are missiles with relatively long flight times :

- subsonic stand-off missiles

- supersonic airbreathing missiles.

The RCS depends on mary factors : the area, the shape, the presentation angle, the nature of materials, etc.
The figure 12 shows the RCS of the B-52, the B-1B, and the US Air Forces future stealth bomber, and reveals
the spectacular reduction achieved. As a reduction in RCS by one order of magaitude means an 80 % decrease in
radar detection, the immense importance of such research becoms manifest, particularly since quite simple steps
can produce significant regults.

To reduce the RCS, there are essentially two ways :
slilped\emrﬁ\ametodeﬂectﬂ:emdarslgnals (fig. 13 - Ref. 9),
- use composite materials that absorbe radar signals.

Tuday, it can be assert that considerable know-how has been gained in studying shapes for greater stealth, having
regardfotsuehcommm!sasspace carrying capacity,...

Fortheaerodynamncnstthemmn design recommandations are :
- avoid sharp angles and surface irregularities,
- avoid straight leading edges,
ﬁm- suppress reflective surfaces (depends on the observation direction).
means :
- design smooth profil for the lifting surfaces and the fuselage, smooth the junction body/wings,
-nscelhptic fusehge swwpmdcurvc the leading and trailing edges. -

Mmmmﬁwamﬁmtmofmwmm To reduce them it is recommanded to :
- smooth the intake duct

- shape the lips
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- $reat duct walis. with radar absorbent material
- flush subsonic intakes with the fuselages.

Concerning the infrared signatures for subsonic missiles, they are essentially in the rear part. In order to minimize
them, & shield can be installed around the jet pipe with or without auxiliary intakes admitting cold air to mix the hot flux.

3.3 The pyrotechnical Iateral jet control

) Limitation of moment control and advantages of pyrotechnical force control

‘The conventional control of missiles consists in responding 1o a lateral acceleration command by controlling
the flight control surfaces creating the moment. This moment produces an angular movement of the missile resulting
in a change of incidence which creates an acrodynamic lift force ensuring the desired maneuver.

The two disadvantages of this type of control are :

- atime delay between the steering command and execution of the order, related to a number of *‘intermediaries’
and parameters governing the angular movement required to create the lateral acceleration (missile moment of inertia,
aerodynamic damping moment) ; this applies to any type of moment control (aerodynamic or jet controls),

- an aeredynamic control force which is proportional to the dynamic pressure, i.e. to the air density and speed,
and then a lack effectiveness at launching (low speed) and at high altitude (low air density).

But the use of a propulsive force at the missile center of gravity overrides these two disadvantages, thus enabling :
-to consndembly reduce response time, and as a result, the passing distance from difficult targets, particularly,
highly maneuvering targets,
- very low speed and high altitude maneuvers.

However, pyrotechnical force control has certain constraints :

- used as single means of control, its operational domain is limited by its powder consumption. 1a particular,
with a gas generator associed to a distribution system towards the nozzles, powder consumption remains the same
whichever the maneuver (null or maximum),

- the missile cannot be used following the propulsion phase of this system,

- the missile must b2 organized to obtain a nearly fixed center of gravity during use of the system,

- the definition of the missile's acrodynamic configuration must take account of interaction effects created by the jets.

For all of these reasons, the purely pyrotechnical force control technology is highly suitable for antitank and
very short range missi’cs, or for missiles which only use this system in the final guidance phase (thus limiting operating
time) with an associsted acrodynamic control system (thus limiting the required power level).

Note that the use of moving wings at the ceater of gravity, which is also a type of force control, but acrodynamic,
presents limitations (capacity of actuators, altitude effect, low speed effect, etc.) which do not allow the control
levels provided by pyrotechnical force control.

b) Aerodynamic interactions due to a Iateral jet

The transvesse ejection of a lateral jet into an external flow results in a highly complex flow field (figure 14)
leading to a set of interactions which can be classified in two categories (figure 15) :

- local interactions,

- downstream interactions.

The local interactions (figure 16) are related to the jet obstacle effect which, at supersonic speeds, produces

upstream of the nozzie a detached shock and 2 separation of the boundary layer forming a shock generating an

2one, Just immediately downstream of the nozzle, the external flow around the jet produces a depression

zone. The distribution of the pressures around the nozzle, for a nozzle located on a wingless fuselage and near the

center of gravity, produces a low resulting force which is generally opposed to the thrust of the nozzle (unfavorable
mmracuon)andasﬁghtmseupmommtmmemmvcrdlrectwn

The downstmnm interactions (figure 17) are due to the highly vortical character of the flow downstream of the
jet. Far from the exitsection, the.jet wake ‘akes the form of two contra-rotating vortices resulting from the curvature
of the jetand its:rounding by the external flow. Thus, the speeds induced by these vortical structures affect the lifting
surfaces placed downstream, gemanypmmcinga!ossoﬂiﬁand moments.

‘The total sum of these nferactions resul. in
Sﬁm'gdionfome whwhlsaddedtoﬂwhm propulsive force and which can affect efficiency of the propulsion

'-.f'ﬁiﬁmﬁﬁlg gachaudmﬂmomtswhmhshwldnotaﬁectmccomrohbﬂny of the miscile.

- To design’a inissile-coiitroled by Iateral jets, it is therefore necessary :
- to optimize the aerodynamic shape of the missile with respect to the two preceding criteria,
‘toachmeaconwmmodelofthemwmuonsreqmredfotd:ecomolsmdm

M&“ﬁ : “ﬁm during vertical faunch (fig. 18)

e 75
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- at the beginning of the trajectory when the missile has a low forward speed and the launch platform is travelling
or with lateral wind,
- ot the tum over maneuver to intercept sea-skimming missiles or aircrafts,

A typical vertical launch trajectory is shown in fig. 19 (Ref. 10). Within approximately the first second, the
missile pitches at about 300 deg/s and the angle of attack can be as high as 50°-60°. Under these conditions, the
missile can be subjected to asymmetric flow separations, inducing highly non-linear out-of-plane side force and moment.

An extensive review of available information on asymmetric vortex shedding from bodies of revolution compiled
by Ericson and Reding is available in reference 11, From this reference we can note :

- asymmetric flow separation occurs generally between 30° and 60°,

- significant side forces occur only for subsonic cross flow,

- the magnitude of the side force is Reynolds number dependent,

- the phenomen is nose and roil angle dependent.

To remove the dependence on roll angle of the out-of-plane force or to reduce it, various systems are proposed :

- excrescences very close to the tip of the nose to generate reliable and repeatable out-of-plane force at all roll angles,
- air jets to control asymmetric force (Ref. 12),

- a short section of the nose, free to rotate, with strakes, allows to reduce the magnitude (Ref. 13).

3.5 Non rigid airframes

The last problem concerns some types of missiles, as the air-air, which have long bodies (L/D > 20) and with
light structures constituted for example by composite materials. In this case, the missiles relatively flexible are deformed
by the aerodynamic forces inducing changes in acrodynamic characteristics which may reduce missile stability and
maneuverability (fig. 20 - Ref. 14).

4. NEW WIND TUNNEL TESTING TECHNIQUES

4.1 Laterat jets

Ths.use of lateral jets as a control means has necded new wmdnmnelmtwchmquwto identify the acrodynamic
characteristics of such a missile. In the same way, the base jets may affect the stability of missiles at the very high
angles of incidence now encountered (vertical launch). The measurement of these aerodynamic interactions brings
up three main problems

¢ The simulation of the jets

The best representation of real effects of lateral jets is got with powder gases obtained by minipropulsion umts
mounted in the model. The study and the manufacture of these specific units - that must respect the adaptation ratio
of the nozzles in flight, in comparison with the static pressure feasible in the wind tunnel - are very expensive ;
the use of powder blocks brings to very long occupation times of the wind tunnels (safety problems, installation
and removal operations for each propulsion unit, i.e. for each point of the flight domain to explore), and so to verv
laige costs.

So the use of compressed air to simulate jets has appeared very attractive, and many wind tunnels offer now
continuous supply lines. The characteristics of such compressed air being different from those of real powder gases,
the research of a similatity criterion has to be made to respect at best physical phenomenons and effects. This technique
is very often used, genenlly in addition to some ponctual tests with real propuision units,

¢ The P

The support of the moded sustains both aerodynamic and propulsive component forces. Two techniques can be used :

- it is first possible to measure the only aerodynamic forces and moments ; the propulsion unit and the nozzles
must be then directly connected to the sting and uncoupled with the external aerodynamic model that is mounted
on the strain-gage balance (fig. 21). This measurement technique permits to adapt the balance to the aerodynamic
leads only, and so to-obiain 2 good precision. Furthermore, the deformations or vibrations are weak, the propulsive
forces loading only the sting, that is more rigid than the balance. The inconvenient of the technigue concerns the
needful looseness between the nozzles and the model, specially for small sizes.

- uxsalsopossib!ewnmremegro&-aemdymmmfomandnmnenm(mrodymncandprop!ﬂswe) Propuision
unitand nozzlesare then connected to the model, the manufacturing of which is more easy. But dynamic responses
are then bigger, for instance at the time of the ignition of the powder-block, because the strain gage-balance is,
by definition, & fiexible mounting ; it messures then, in addition of acrodynamic and propulsive components, the
inemalfomandmomentsduetoummmmmsofﬂmmodel the measuring capacity of the balance must be
adapwdmﬂmeiotds,wmedwimemofmepmmon

* The correction of iucitial-forces and moments
Tt may be aecessary to correct these inertial components in the two followmgcases
- ¢ithet when the combustion time is too short, so that these dynaniic responses cannot get damped ; it is then
very&fﬁmluoemmamnvaluedmtmpmwm!ytheexmmlfomandmémentsapphedonmemdel
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- » or when ope is actually interested in these transient or dynamic phenomenons (ignition of the propulsion, command
switchings,...).

Then, the model must be equipped with accelerometers, that permit to substract the inertial forces from the gross-
forces measured by the balance. Industrial wind-tunnel tests of this type have been already realized for some last
years (ef, 15) and will be a valuable implement in many unsteady studies, regarding for instance missiles in
autorotation.

4.2 Flowfield investigation

‘The advent of Computational Fluid Dynamic has created new requirements in measurement techniques in wind-
chanmnels, Theorists and *‘Numerists'* have to know the physical phenomenons so as to develop adequate flow modelings
and to get some experimental data for their validation. Therefore, even if visualisation techniques are still rather
employed (hydrodynamic, oil, schlieren techniques...), the actual need consists now of quantitative measures, not
only of the gross-forces, but also of the velocity and pressure characteristics on the model skin and in the whole
flowficld.

Many new techniques have emerged during the past decade and are now currently used for the research, as
the following ones :

- the non intrusive techaiques, as the laser velocimeter system, to measure the flow velocity and its fluctuations.
The example given in figure 22 presents a detailed exploration by Laser Doppler Velocimetry of the separated flow
behind a cylindrical after body with jet (Ref. 16).

- the RAMAN diffusion to identify different species in the flow (for instance air and powder gaz).

‘The improvement of instrumentation and data acquisition permits also such testings in an industrial context,
for validations of numerical codes on complete configurations of missiles, or for particular studies of vortex downstream
of wings or lateral jets ; It is now possible through, among other developments

- aew electronic pressure transducer switches (PSI), that allow a quicker acquisition cadence, and so a larger
number of measurement points than when using scanivalves,

- five-hole probes of very small size, that allow detailed investigations of the flowfield (velocity module and
direction, pressure).

The example given in figure 23 shows a detailled exploration with a five-hole probe of the separated cross-flow
around a fuselage at one longitudinal station (Ref. 17).

5. NEW PREDICTIVE TOOLS : THE EULER SOLVERS

The Euler equations represent the most complete set of equations modelling the evolution of a non-viscous and
non-conducting fluid. They admit weak solutions with jumps, among which physical discontinuities are modelled
such as shock waves and vortex sheets.

Important progress has been made these last ten years for solving the 3D Euler equations. Moreover, the access
tc fast vector computer makes Euler calculations feasible and cost-effective, thus opening a new way for the prediction
of missile acrodynamics. However care must be taken since the model does not take into account the viscous effects
even if it computes vortex sheets.

To compute steady flows with Euler ~quations two ways are possible :

- 1o solve the steady equations. In this case, the equations are hyperbolic in space and a space-marching technique
is used. This procedure is valid only for supersonic flows (e.g. code SWINT Ref. 18 and code SUP Ref. 19, 20),

- to solve the unsteady equations. In this case, the full three-dimensional flow variables are advanced in time
until an asymptotic limit is reached. Tlis procedure is valid for any speed range. But if the flow is everywhere
supersonic, a pseudo-unsteady marching procedure can be used in which the steady solution is obtained in a plane
using an-upwind scheme and driving the time derivaties to zero, then proceeding to the next plane, sweeping the
domain in the flow direction (e.g. code FLU3C, Ref 21, FLU3M, Ref 22). In this way, the memory requirement
is kept to a minimum and computing time is reduced.

In tables 1 and 2 of the present paper, we have summarized the capabilities of 13 codes and some details on
their models. From table 1, we note that there are two programs, SWINT and FLU3C, which have computed all
types of configurations but only in supersonic. These two codes can also calculate flow separation.

MWMWMM Flow can separate from sharp edges (leading and tip edges of

wings)-or smooth surfaces. It is now well known that Euler codes can calculate sharp edge separation without any
nnqi&xuoa ‘The common explanation is that numerical dissipation which locally generates entropy in such distorted

‘regions is résponsiblé for the phenomenon. For smooth surface separation, the problem is more complicated. Some

authors (Rizzi, Newsome) showed separated flows without any modification of the codes. But the resulis are strongly
dependent oa the mesh used. With a very fine grid separation can even disappear. Another approach coasists in

.mwmmmmmmwmm the body surface velacity vectors near separation. points

1-with.& given separation line-(called forced separation technique). The results obtained with

zmmmmmmmmmvmmmemmmmmmhm
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of the vortices. Much theoretical work has to be done to explain why we get such nice results with perfect gaz models.
From an engineer point of view, we can say that ““it works'’ and can give usefull qualitative and quantitative results
in aircraft, missile and even car acrodynamics.

To demonstrate the capabilities of Euler codes, we present some industrial examples in supersonic.

a) Configurations calculated with FLU3C :

* Conventional missile

Figure 24 presents for Mach number 2 the normal force coefficient and the center of pressure as a function
of incidence. The computation-test agreement is good and results are even a few better than semi-empirical ones,
Figure 25 presents a visualization of the surface pressure and shows in particular the body area influenced by the
lifting surfaces.

© Boosted configuration

This configuration concerns the ASTER missile, which can be seen in figure 26 with a visualization of the surface
pressure coefficients. Several configurations were tested, differing by the booster dimensions (chord length, span
and apex position of the tail). The computation-test data comparison (table of figure 26) shows a good absolute
agreement, Moreover there is an excellent relative agreement for the configuration variations, that underlines the
advantage of this method for dimensioning complex shapes.

¢ Long wing missile

Figure 27 shows the isobar lines on the ASTER surface as well as a transverse plane (Mach 2.5 and incidence
10°). On the transverse plane, we note the vortical structures produced by the tip edges of the long wings. Figure 28
shows the computation-experimentation comparison for the pressure on the long wing ; the agreement is very good
from an industrial point of view,

¢ Missile with side jet controls :

The interaction of a supersonic jet coming out of the missile surface with the external supersonic flow gives
a very complicated flow. The vorticity requires at least the Euler equations and though they do not enable to find
all the real effects (separation upstream of the jet,...) they provide us with interesting information on the structure
of the flow (see figure 29).

The figure 30 and 31 show the variations of the normal force coefficient as a function of the incidence respectively
for a horizontal wing (+ configuration) and a leeward wing (x configuration) in a body-wing configuration. The
computation provides a good representation of the changes in the normal force coefficient CN as a function of incidence,
and in particular, the difference at a given incidence between values with and without jet.

Figure 32 shows the pressure distribution on the surface of the ASTER and the isobar lines in a transverse plane
located just downstream of the nozzle. This figure indicates the complexity of the flow and shows the obvious usefulness
of these computations in understanding physical phenomena ; in particular, it illustrates the favorable overpressure
of the detached shock on the fins.

Figure 33 illustrates the effect of altitude on the shape and position of the primary shock. Note that the computations
and experiment results are in good agreement.

¢ Airbreathing missile

Figure 34 presents the pressure distribution on the surface of the ANS at Mach 2 and incidence 4° and the surface
grid used for this computation. This example illustrates the capability of FLU3C to compute very complex
configurations.

b) Configurations calculated with FLUIM

Even if vesy complex geometries can be calculated with FLU3C, it has some limitations due to its monodomain
grid strategy.

But to treat certain very complex general geonuetries and to make refinements in interesting regions without refining
the wholedomain, it is necessary to adopt a mukiblock grid strategy. In general the multiblock grid should be made
of several structured, possibly nverlapping or patched domains. This choise considerably simplifies the mesh
construction and allows the same generality as unstructured grids. Such multiblock grid strategy is used in the Euler
code FLU3M (Ref. 22).

¢ Lateral jet calculation (Ref. 23)

This case is related to the computation of a subsonic pocket experimentally exhibited in the wake of the jet.
This phenomen could not be captured with a coarse gride. Figure 35 presents the multiblock structure and the refined
domain which fias been ificluded in the coarse grid. Figure 36 shows the Mach number distribution in the flowfield
Gbuaitied With both grids (coarse grid and refined grid). As we can see, only the refined grid is able to capture the
subsom;: region.

» Supéesonic air-intake calculation
~This tastease concerns the computation of inlet internal flowfield including the presence of the inner boundary

-inayer bleed (it internal trap). Its complicated shape necessitates to use a multiblock grid. Figure 37 shows the

multicornsin approach with a discontinwous two-domain grid and the Mach number contours in a limited region of
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the inlet, around the effry section of the inner boundary layer bleed, The computation-experiment (schlieren
visualization) comparison is good even if the calculation does not take into account the viscous effects.

All these applications emphasize what Euler codes can bring to industrial studies.

In conclusion, Euler codes appear as powerfiil analysis tools for complex external and internal 3D flows, extending
the capabilities of the semi-empitical methods. But there is still much progress to do in

- understanding and modelling of flow-separation on smooth bodies,

- devalopment of robust and cost-effective Buler codes for subsonic and transonic flows,

- mesh optimisation. i

6. CONCLUSION

The challenge for the 2000's is to develop long range, high speed, highly maneuverable and highly penetrative
missiles,

Among the acrodynamics problems involved in the design of these new missiles, there are @
- unconventional shape acrodynamics,

- acrodynamic interactions due to pyrotechnical lateral jet,

- high angle of attack aerodynamics.

All these problems received much attention during these last years but they are not yet completely solved.

With regards to the predictive methods, the most important progress have been made in numerical methods for
solving the Euler equations and in grid generation linked to CAD system for meshing realistic configurations. Today
Eoler solvers are able to compute very complex geometries opening a new way for the prediction of missile
aerodynamics: But before they couldl be among the principal tools for missile designers, they need a great deal of
work in'all areas from mesh generation (grid optimisation,...) to finding better ways of treating flow separation,
and an increasing of computer speed.

Even if computation takes more and more place in the missile acrodynamic studies, the wind tunnel tests will
remain necessary for the complete modclisation of the acrodynamic characteristics, for complex configurations such
as airbreathing missiles, and for specific studies (lateral jets,...). Experimentation and calculation stay complementary
and progress must continue to be done in both domains.
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REVIEW OF THE SPRING 1988 AGARD FMP SYMPOSIUM

by
H.A.Torode
Attack Weapons Dept.
Royal Aerospace Establishment
Famborough, Hampshire GU14 §TD
United Kingdom
SUMMARY

The AGARD Flight Mechanics Panel held its 71st symposium in Ankara, Turkey
during the period 9 to 12 May 1988 (Ref 1 & 2). The symposium was entitled “The
Stability and Control of Tactical Missile Systems" and was classified NATO
Secret, Thie topic was last sponsored by AGARD through the Fluid Dynamics Panel
in 1982 (ref 3), but several subsequent symposia have also contained significant
relevant information on underlying technologies (see References).

INTRODUCTION

The symposium was first proposed in an FMP Pilot raper in 1984, and was
subsequently refined by several members of the Flight Mechanics Panel (notably
Mr R. O. Anderson and Mr V. Hoehne of US) and was ultimately proposed to and
authorised by the AGARD National Delegates Board in March 1987. The definitive
proposal and meeting theme was built around the following issues:

"Hith recent advances in missile seekers and processors, aid in the
analysis of nmissile dynamic motions and tha associated control subsystem
design, missile manoceuvre envelopes have expanded rapidly. It is therefore
appropriate and timely that the stability and controllability of such
nissiles be examined, and this symposium will provide a forum for the
interchange of ideas, and discussion of the different techniques currently
involved in dealing with the variocus aspects of this subject. The
presentations will cover a wide selection of topics, from prediction,
simulation and test, through to a look at current development experience.
The subject of the symposium would be limited to tactical missiles,
encompassing air-to-air, air-to-ground, and ground-to-air, but not
ballistic missiles.®

The programme committee, co-chaired by Monsieur F.Mary (France)and Mr S. Metres
(Us), solicited papers by invitation and, as expected, created considerable
interest from the Fluid Dynamics frater: ty. Dr. K.J. Orlik-Ruckemann (Canada)
of the AGARD PFluid Dynamics Panel joined the Programme Committee and undertook
the organisation of Sessjion 1. Guidance and Control was also seen as a driving
technology and a significant input for Session 2 was solicited from the AGARD
Guidance and Control Panel; in the form of a survey paper on their own symposium
on a closely allied subject in the same timeframe (see Paper 9 and Ref 11).

The final programme consisted of 26 technicel papers (from S NATO nations) plus
two keynote addresses and the overview paper. The symposium received some 140
registrations amd was attended by members of 12 NATO nations.

This paper summarises the technical aspects of the symposium in respect of the
individual papers and their collective fulfilment of the meeting theme above.
It is organised as follows. Under section 2 the individual unclassified papers
are commented upon. (Classified presentations, denoted by *, are not discussed
in this unclassified document). Discussion has not been attempted in Session or
presentation order owing to the breadth of the technical fields covered.
Instead, the papers have been regrouped under more numerous sub-headings to
reflect better the interrelation between the presentation material (Pig 1).
Paper numbers are cross referenced under sub-headings. The Closing Discussion
is reviewed in Section 3. Section 4 attempts to collect the impressions of the
meeting as an entity and to comment on its sffectiveness in covering the
perceived field., The vievs expressed herein are the sole responsibility of the
author.

2. REVIEW OF TECHNICAL PAPERS
2.1 Aerodynamic Prediction Codes (Papers 1,3, and 4)

In paper 1 CHAMPIGNY gave a wide ranging review of the computational methods
;appling for -aexodynamic prediction in France. It covered panel methods, Buler
codes. and: selsi~empirical methods with detailed illustrative examples of the
varied strengths of each technique, accompanied by the customary, unparalieled
ommia. It was of interest to note that panel methods (methodes de
singularites) maintain a strong following in France particularly when applied
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to provisional, project style studies. More developed ("higher order" panel

wmethods) continued to show promise, even when applied to non-circular and

non-classical contigurations. Their principle limitation remains the lack of

ability to handle body vortices and therefore body 1lift. The Euler code

presented (FLU3C) also showed considérable promise. Although 1limited to

axisymmetric examples in fully supersonic f£lows, the ASTER configuration showed
'.

very good agreement with subseq easurement. The fine computational meshes
used in the examples clearly make computations of all but the most definitive
of shapes prohibitive.

FORNASIER (paper 3) continued by describing in detail the development of the
Franco/ German HISSS panel codae (also referenced above). This panel code appears
unique in its capability of handling both fully subsonic and fully supersonic
flows. The author describes in some detail the precautions necessary to provide
the correct functioning of a panel code in supersonic flow. Examples were shown
of the versatile options available in the software including treatment of fixed
Wakes, non-circular bodies and most notably intake flows with both sub and
supercritical (or superinclined) intake angles. The performance of the code in
supersonic regime appeared most encouraging. Subsonically the major limitation
(apart from flow criticality), was again noted as the lack of treatment of body
vortices leading to poor incidence performance particularly for bodies alone.
It was candidly agreed that 5 degrees of flow onset angle remained the limit for
precise calculation, although presented results often showed good performance
above this low limit, illustrating a high degree of configuration dependency in
this type of calculation.

Amongst semi-empirical codes the US Missile DATCOM is perhaps one of the most
comprehensive. JENKINS (paper 4) gave a status report covering the basic
concepts of the component prediction technique and the subsequent assembly of
the subject configuration with ccnsideration of the appropriate interfervence
effects., While accepting that such an approach remained part art part science
he demonstrated its integration with new "engineering" features such as
experimental data substitution and the ability to radatum estimations on that
inputted data. As with pure numerical codes, present limitations appear to be
centred on vortex representations, in this case the precision of tracking of
shed vortices and their downstream development.

2.2 High Incidence Dynamics (Papers 6,7 and 8)

FUCHS5 (paper 6) showed how higher order Fourier series expansioas could be used,
sometimes in conjunction with more conventional Taylor series techniques, to
isolate higher order derivatives from dynamic experiments. He demonstrated how
expansion to second order permitted the identification of several high incidence
effects into characterising derivatives, as well as several {incidental
advantages over classical techniques (including the ability to isolate Cmg from
Cmfdot). Using a "Eurofighter" aircraft style example, he was able to show the
methods success in quantifying such effects as that of vortex breakdown on
aircraft motion at high incidence and/or body rates. Subsequent discussion noted
that *here was,even so, a limit to what could be achieved through extended
linear expansion for incorporating higher order dynamics and that ultimately the
severity of the ensuing motion invalidates linear superposition assumptions. In
future a fully non linear cpproach may be required.

In a wide ranging, review style paper, ERICSSON described a variety of complex
flow mechanisms which can dominate high incidence dynamics. He stressed that
given a high incidence condition, remarkably low body rates can often result in
significant cross coupled motions. He also noted that many (but not all) of
these phenomena bring about increases in static stability (stiffness) at the
same time as reductions in dynamic stability (damping); cherefore stable
oscillations and limit cycles often result. During the paper and questioning it
was stressed that such behaviour are often the result of cowplex interactions
between fluid dynamic processes of different gendre and that conmplete
representation of all these aspects would be necessary if sub scale modelling
were to be successful.

MENDENHALL (paper 8) concentrated on one particular fluid dynamic process, the
effect of fore body vortex shedding on fin effectiveness and missile loads
during rapid high incidence manoceuvres. Using a space marching vortex cloud
technique within an Euler solutior he pursued the consequencas of vortex
interaction and lag through “o the prediction of unsteady non linear fin load
cycles. The net effect oi these interactions on the ensning motion was not
addressed {a pity in this forum) and thus no comparisons with observed behaviour
were available.

2.3 Wind Tunnel Experiments (Papers 5%,16,17 and 18).

Internal caﬂ-iag% of stores has received a considerable re-avaluation in recent
years as the opsrational limitationa of external carriage have become nore

sevexely evident. SAWYER (paper 16) described an experimental programme using
a well concelved group of conceptual models with differing metric elements to
investigate carriage within a cavity. A variety of configurations vwvere
consideged (bGt at zero incidence only), with each exhibiting at least cne
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serious shortcoming, these being diversely internal and external aerodynamic or
acoustic environment. Thus far reported no attempts at configuration tuning had
been made. The author felt that there was a poor likelihood of finding a
configuration that would be free from all problems, or even capable of offering
an acceptable mix. It was agreed during discussion that the closing of such a
cavity was only a partial solution to some of these problems when viewed in an
operational contaxt. The way forward was therefore unclear with future
developments eagerly awaited.

NASA Ames/Langley contributed a paper given by ALLEN on the assembly of the
tri-service/NASA MISSILE3 database which essentially encompasses the entire
operational regime for a wide wariety of classically configured missiles. The
paper concentrated on the wind tuanel automation and techniques nacessary to
ever contemplate the acquisition of such a huge body of data. It was also
suitably illustrated with several cases where the gathered data had shown trends
which had not been found in comparison with current CFD codes. The investment
in euch a programme was warmly applauded by the audience who were able to offer
numerous suggestions as to how this database might be further expanded in
future, to the benefit of the entice community.

MAZZUCA described in generic terms the Italian approach to wind tunnel testing
of missiles. The paper provides a comprehensive checklist for one contemplating
such a programme but lacked any results or examples. The author showed the value
of investment in tunnel automation and the resulting efficiency of tunnel usage.

2.4 configuration and Control (Papers 9+,12,13,15,22 and 28)

Paper 12 by RANDALL described some interasting ap;lications where careful
integration of a sensor and its strategy with aerodynamic configuration could
offer some simple lower cost options. The case considered was the use of a
simple sensor (e.g. an IR sensor) with a single axis field of view thus
requiring "twist to track" control to maintain the target in the field of view
simultaneous with the conventional trajectory guidance. The author showed how
aodern control theory could be used to optimise the resulting control law and
the ensuing trajectory. He further postulated tha use of a non-cruciform
(*anisotropic®) aercdynamic configuration combining aircraft like bank-to-turn
guidance with twist-to- track orientation during a terminal manceuvre. It was
perhaps unfortunate that the paper concentrated on the mathematical optimisation
of the tracking rather than the more practical, yet 1less determinate,
optimisation of using configurational aerodynamics to compensate for limited
sensor sophistication, in order to achieva a cost effective weapon.

In his first paper (13) GAZZINA discussed the methodologies for controlling
unstable missiles and highlighted some of the limitations imposed by this class
of vehicle. His tutorial style paper used clear mathematics carefully simplified
to highlight its basic conclusions. The was a clear parallel with the case of
control of statically unstable aircraft, particularly since longitudinal motion
only was considered, without any real involvement of guidznce aspects.

Sensor development will always remain a driving technology in missile guidance.
PETIT {paper 15) traced the miniaturisaiion of the 3 axis ring laser gyro to the
p:x{esgnt point were it now becomes feasible for use in small high pexrformance
missiles.

KLABUNDE (Paper 22) addressed the problem of establishing the robustness of a
multi+ variable control system through the use of the structured singular value
approach. The Monte-Carlo eigenvalue search technique used appeared innovative
and, as presented, removes much of the conservatism of the basic approach. The
author anticipated that this technique (or developments thereof) will provide
an efficient means to analyse the robustness of large mvltivariable systems. To
date a precision of +10% had been demonstrated on a sauple system of order 25.
He also maintained that the %technigue was applicable to nonlinear systenms
although how this is achieved without local linearisation about the chosen
operating point is not clear. The written paper is largely concerned with the
strict demonstration of the control theory. It is perhaps unfortunate that the
clear simple example used in the verbal presentation was not included.

In his second paper (28) GAZZINA reminded us that an analytical approach to
configuration studies can still provide simple, visible results which are often
obscured by complex parametric simulations. Using a series of simplifying
assumptions (e.g. manoeuvres only in the terminal phase), he succeeded in
extracting. analytic soclutions for the entire flight profile of an air-to-air
interception. This enabled him to consider concisely the relative operational
merits of winged and wingless weapons in this class. His input data showed
marked dependency of normal force characteristics to static stability margin for
the wingless case. The result suggested that these reflected strongly in the
1ift dependant and trim drags. Ultimately direct comparisons were made at equal
levels of (neutral) .stapility. The authors initial premise was that the analytic
approach added wisibility to complex scenarios. As such it was a pity that his
results ware not more expanaive in considering a more varied saelection of
operational profiles.

P
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2.5 Direct PForce Control

Many missile applications now demand powerful, precise control in conditions of
low dynamic pressure, where aerodynamic controls have severe limitations. Only
one author discussed integration of aercdynamic and direct force based
motivators. The need for careful siting of control jets was stressed, to
mininise asrodynamic interference, or indeed to turn it to positive advantage,
which appears a possibility particularly at higher Mach numbers. The continucus
use of jet thrusters appears wasteful of limited gas resources for non critical
flight phases. The combining of jet and aerodynamic control either through
scheduling, or the employment of jets as a high bandwidth control to enhance
response time. Thruster and thrust vactor controls of various forms were
examined in detail in papers 11%, 14*% and 21. Further more limited references
to their evaluation were also made in papers 19, 23, 27 and 30%,

DANIELSON (paper 21) described the design and development of a deployable, four
vane, thrust vector controller. (A rotating ball-in-socket nozzle vectoring
system is also discussed in the written text). The development programme
concentrated on mechanisation aspects, the durability and continuing
effectiveness of the vanes in an e¢rosive, aluminised propellant stream clearly
being the design driver. Excessivs hinge moment were alsoc sited as leading to
undesirable hysteresis effacts, but this appeared to be configuration specific.

2.6 Aercelasticity (Papers 10 and 25).

Aercelastic prediction has also benefited from recent advances in CFD
aerodynamic codes. The symposium two presentations on advanced techniques for
the prediction of non 1linear dynamic behaviour of canard controls on an
air-to-air misasile. Both noted a significant computational inconvenience in
realigning data from separate aerodynamic ind structural grid matrices.

DILLENIUS (paper 10) described current work to combine a NASTRAN type code with
an aerodynamic (rupersonic panel) code to create a optimisation tool for a
composite control fin structure, incorporating a variety ot design constraints.
A key feature was the use of local principal axes as deaign variables in an
otherwise unvaried structure. This choice impacts uniquely on the stiffness
matrix which is used initially to evaluate the deformatjon of a first
approximation lay up. Aerodynamic load and structural displacement are then
compare iteratively to converge onto a compatible solution. This can be treated
as an end in itself or evaluated against the constraints for reentry and
optimisation of the design. The recent results presented showed good convergence
and considerable promise, although much still needs to be considered before a
solution can be cptimised for the full flight envelope. The ultimate aim is to
reduce fin loads and actuator size and power ratings.

SEPAHY, in paper 25 (presented by R.Randell) also discussed the possibilities
of an extension to NASTRAN type solvers, in this case, to consider kinematic
nonlinearities. He desacribed a two techniques, time simulation and local
linearisation to an equivalent system; both techniques well known to control
system engineering. One was left with the impression that the linearisation
process still required a considerable degree of intuition and the author notes
that the time simulation technique currently provides a more accurate result,
albeit with higher computing overheads. A test case considers the effect of
introducing hinge backlash into an all-moving canard control surface. The
nonlinear methods predict an additional dynanic mode and a radical
redistribution of nodal energy. Unfortunately, the experimental evidence offered
did not extend to the nonlinear case, and was therefore unable to corrcborate
these interesting effects. The programme is ongoing.

2.7 Test and Evaluation (Papers 19,20,23, and 24).

Paper 19 by DOHERR et al was an excellent illustration of the major recent
strides made in raising the parameter identification technique to a effective
sngineering tool. The case studied, that of a jet controlled, aerodynamic
litting guided shell/subnunition was clearly related to a serious developmental
programme demanding practical results. Nonetheless, the identification of this
diminutive vehicle appeared practically challenging and laden with pitcfalls for
the unwary. The careful integration of a varied suite of high precision
instrumentation into a very compact vehicle, launched from and imprecisely
injtialised platform (under a hovering helicopter) was particularly impressive.
It was €qually complemented by the methodical modification and application of
the DFVIR interpretation of the Maximum Likelihocod method, which in this case
included nonlinear modelling, and caters for both process and measurement noise.
The preliminary results presented were limited but nonetheless iwpressive, and
1€ad one to speculate on the impact this technique could scon have on the
investigation of other highly nonlinear vehicles.

BUB {paper 20) presented the findings of a recent AGARD/FMP working group
activity to attempt to quantify the validity of nissile system simulations (Ref
7). This endeavour emerged as much philosophical as technical and the paper
concentrated on the strict semantics definition of various validation processes.
This text is recommended to anyone concerned with simulation, primarily as a
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sound strategy against which to judge hin own procedures and preparations. The
significance of such work is easily underestimated particularly when such model
systems are required to migrate within corporate or even international usage
T where ratention of confidence is a prim: reguisite. The utility of a procedure
such as presented will only be demonstrated by usage. A questioner also drew
attention to the further applicability of these approaches in respect of “expert
systems®.,

STEVENS (paper 23) describad a technology desonstrator programme leading to test
firings of a controlled but unguided missile vehicle, and highlighted the role
of hardware-in~the-loop (HWIL) simulation as an effective systems integration
tool. Problems which were isolated through simulaticn included the out of
tolerance variation of actuator characteristics, confirmation of adequate gas
reservoir capacity and evolution of autopilot control laws. 1t was perhaps
surprising that a problem that did escaped the net (although preliminarily
i . avaluated) was that of body structural modes and lack of appropriate structural

filters. An interesting side issue, barely touched upon, was the value of these

tests as a focal point for the combined engineering workforce, all of whom were
t simultanecusly involved in the corporate simulation activity.

Papers concerning test and evaluation usually stress their successes. It is an

. unfortunate fact that such a paper's value is most often proportional to the

. authors willingness to discuss what did not go according to plan. This paper was

‘ delivered in a frank, narrative style enabling the recipient to share in what
was clearly a valuable exercise with many lessons learned.

DESLANDES (paper 24) was the only spuaker to address stores separation, focusing
on the important point that prevention of physical contact with the parent
aircraft was a necessary but by no means sufficient criteria for a successful
missile launch., Having described some of the advanced features of the current
MBB separation prediction method, he showed two case studies where launch
trajectories cleared the airframe but nonetheless suffered disturbances
sufficient to impair guidance system performance and sensor lock. It should be
accepted that the second case represented an extreme flight condition (in
incidence) but it was all the more impressive to note the good agreement of the
prediction method. Also noted in the paper was the utility of a launch control
system in suppressing the disturbance and retrieving a marginal launch. This
paper highlighted the need for careful systems integration in this sensitive
area.

2.8 Project descriptions. (Papers 27 and 30%)

MAZZUCA (Paper 27) described the extensive modifications made to the Sparrow
IIIB missile to enable it to be used in the ground-to-air role as Aspide. This
role change demanded a considerable expansion of the original flight envelope,
particularly in Mach number and dynamic pressure ranges. The need to improve
low speed manoceuvrability immediately post launch led to the interesting example
of retrospactive reduction of static stability (see also Paper 13 by GAZZINA).
It says much, both for the original design and the subsequent astute development B
N 5 that this major revision has been pursued successfully.

3. SUMMARY OF CIOSING DISCUSSION.

The closing discussion was arranged as a forum of selected authors drawn from
the various fields which had formed the subject matter of the symposium. These
were F. Mary (TPC and Chairman), M. Mendenhall (Aerodynamics), A. Gazzina
(Configurational Design),P. Letang (Project Development), H. Schilling
(Rercballistics), and G. Stevens {Test and Evaluation). As a catalyst to
discussion and audience questions this panel was first asked to consider, within
their own fields:;

" In vhat directions will future operational requirements and guidance
developments drive overall missile configurational design and development™.

Red VI PATA A o 7 w1

This was a broad issue, to which the panel could, perhaps, have been given a
%ittle more advanced warning. Their initial reactions centred largely on two

1). That the overriding new requivement on missile systems was rapidity of
reaction and control vesponse. This lead to complex dynamic flight situations
- which in themgelves wera extending aexodynamic prediction tools to the limit.

2) . With aver increasing demands on cost control, the many sub systems which now
make up &n advanced weapon need careful integration and rigorous testing. New
yues of évaluatich and analysis will be required to handle the rapidly

approaching prospects of onboard “expert" guidance systenms.
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The first of these issues quite naturally lead to a discussicn of the
interleaved roles of aerodynamic prediction and control system simulation. The
fluid dynamicists present pointed out, with numerous case studies, occasions
when aerodynamic predictions had been oversimplified, or worse still, been
neglected or ignored until too late in a prajects development. Nonetheless it
was conceded that there were numerous practical areas where aeroprediction
remaing in its infancy, and required practised interpretation. In this situation
practical testing through wind tunnel rigs remains a necessary step for several
issues. The following areas were defined as requiring further efforts:

a) Improved prediction of roll characteristics

b) Greater flexibility in store separation prediction.

c) Limitations in respect of angle of attack. (and the
configuration dependence of such limits:.

d) Capacity to consider non-classical shapes. (e.g.
Noncircular/bluff bodies, and body vortices)

One course of action offered was the use of empiricism embedded in computational
codes to inject test data where effects could not be modelled analytically
({provided those mechanisms are adequately understood). Accepting that there
often existed mechanisms which were not defined, there was also a body of
opinion which suggested that, in such cases, the employment of a simple (e.g.
panel) method was often the most appropriate, if only because in a project wide
sense the results were accorded the appropriate margins of uncertainty. All
agreed that modern requirements and the quidance performanze presently available
to satisfy them laid severe demands on configurational prediction and design.
Full envelope, nonlinear, dynamics modelling of the airframe as well as the
systens now needed to be carried into the systems integration phase. The future
now demanded closer~than-ever collaboration between aerodynamicists and control
engineers and as such, technical meetings of this nature were invaluable.

The second central theme identified in discussion was perhaps of more central
interest to the Flight Mechanics Panel. Development cycle costs are currently
rising against the trends of more accurate predictions and more rigorous
testing. The costs of a programme interruption due to inadequate validation
(ultimately resulting in a test failure) are now so high that there is no place
for complacency in success. Valuable data is often discarded as surplus to
requirements and could, if properly analysed, hold the key to the timely
solution of a future problem. This aspect was considered to be the strongest,
as well as the simplest, means of reducing test times and uaexpected delays.
secondly, sophisticated analysis tools, such as parameter estimation and
hardware in the loop testing must be pursuéd to the point where they make
economic as well as technical sense.

The natural tendency to compartwentalise the disciplines required to produce an
advanced weapons system drives heavily against the policy of integrated design.
“Smart" weapons require the abilities of their seekers to be preserved (and
their limitations respected) in their onboard environment. These demands and the
constraints imposed by the parent afircraft must be integrated into the proposed
weapon airframe at the earliest possible stage if a rational development is to
result.

The highly sophisticated, and rapidly developing fields of image process..ng and
target recognition remain driving technologies, but they cannot be expected to
ease the problems of configurational designers. While onboard computing
capability will undoubtedly increase dramatically in the foreseeable future,
operational requirements will demand that advantages in target recognition must
be complemented by advances in missile agility and effectiveness. Detailed
dialogue, commencing at the earliest possible stage was again seen as the hey
to successful integration. Attendees from the flight control field expressed
their satisfaction with a new appreciation of configurational problems as a
result of this symposiunm.

4. SYMPOSIUM ASSESSMENT

This symposium was conceived, and was described in the pilot paper as "a forum
for the interchange of ideas and discussion of the various different techniques
currently involved with the various aspscts of missile stability and cantrol®™.
It was clearly accepted st the outset that the subject matter would cover a wide
selection of topics and discuss their interrelation and integration within the
context of the overall design problem. In the first keynote address, NIELSON
traced the history of missile aercodynamics, and accompanied this with a list of
key topics, meritorious of further rssearch in that field. BISMUT, the second
keynote speaker set the symposium into this context with a review of the issues
anticipate to be central to the discussions, The audience proved to be & blend
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of aerodynamicists, control technologists and test and evaluation engineers
which provided the variety of viewpoint necessary to stimulate good discussion.
As a Flight Mechanics Panel initiative, it was therefore anticipated that
dialogue between these disciplines would review their strengths and weaknesses
in addressing the overall design problen.

Presentations on aerodynamics proved to be a large part of the programme
occupying the whole of the first day, and this may have left the impression of
over-emphasis on this area. The papers of Session 1, and the wind tunnel
experiments of papers 16 to 18 gave a very thorough overview of the aerodynamics
field and stressed the impact of rapidly varying dynamics on overall
configurational design capabilities. There was nonetheless a serious omission
in that the field of carriage and release of externally carried store remained
unaddressed; leaving the papar by SAWYER et al, on internal carriage, as the
only paper on aercdynamic store/airframe integration. While accepting that many
aerodynamic aspects required to be covered, the reviewer feels that the basic
needs of the symposium could well have been covered by, perhaps two or three
review style papers, highlighting the implications of the critical aerodynamic
aspects.

The areas of the programme encompassing configurational and control technologies
spread over a wide range of issues during days 2 and 3. The interaction between
control requirements and configurational design was the key area where modern
guidance and control strategies meet the real world of operational demands and
system integration. Most papers in these sections, albeit well presented and
topical, tended to concentrate on detailed individual technologies and did not
define their impact on the overall design issues and mission effectiveness. Only
the papers by RANDELL and GAZZINA attempted to highlight the opportunities and
constraints that their technologies imbued on the ultimate capabilities of the
overall system.

There was a justifiably strong core of emphasis on the use of direct force
control wqich must now be recognised as an established option in high
manceuvrability missiles, particularly in regimes of low dynamic pressure. Among
a group of excellent presentations on this topic only one refered to the
integration of direct and aerodynamic force motivatore. Clearly this is a
promising‘area for further work. The proper integration of direct thrust and
aerodynamic control is clearly a fruitful area for further research, offering
considerable returns.

Regrettably, these sessions left the filelds of guidance strategies and control
law implementation virtually unaddressed. gossibly the programme committee had

peen cautious in this area, being aware of the near concurrent AGARD GCP meeting
in the same field.

The final sessions concentrated on test, evaluation and projects and did much
to redress the ovarall balance of the meeting. In particular, papers by DOHERR
et al (on parametdr estimation), STEVENS {on hardware- in-loop testing) and
DESLANDES (on store separation testing) contributed valuable, practical
experience in these areas of vital interest. Additional and contrasting
contributions on such topi¢s would have complomented the value of the
interchanges in these areas, which well characterise the complex issues facing
system and store/ airframe integration. For the future, detailed joint studies
and/or collaboretion could be expected to expedite progress, or at least ease
communication channels in any of these fields particularly in support of
numerous international projects.

The two project orientated papers provided good examples of their type, largely
because they contained innovative technological aspects and showed clearly how
these had been progressed and controlled within the overall project management.

Copyright (C) Controller HMSO London 1990
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STORE CARRIAGE, INTEGRATION AND RELEASE

A B Haines
Chairman, Aerodynamics Group Committee
Royal Aeronautical Society
4 Haatlton Place, London WiV 0BQ, X

SIMMARY

An international conference on 'Store Carriags,
Integration snd Release' organised by the Royal
Aercnautical Society was held at Bath, UK on April
4-6 1990. The conference wss attended by 140
delegates from 11 different countries. All the
papers presented at the conference can be obtained
from the Conference Department, Royal Aeronautical
Society but the present paper summarises the
highlights of the conference and Is intended to
give a balanced view of recent developments and
prospects for the future in both design and
prediction,

1. INTRODUCTION

An international conference on ‘'Store Carriage,
Integration and Release', organised by the Royal
Aeronautical Society was held in Bath cn April 4-6
1990. The conference was well attended with 140
delegates from 11 different countries. 29 papers
ware pri ed by speakers From 8 countries. A
full list of the papers is given at the end of this
paper; all an be obtained by application to the
Conferénce Department at the Royal Aeronautical
Society, 4 Hamilton Place, London WiV 0BQ.

The aim of the present paper is to give a balanced
view of rzcent developments and future prospacts in
both design and prediction, based on the papers
from the conference. The sessions of the
conference can be listed as follows:

1 General reviews of the present and future scene
as seen by

f2) an ‘elder statesman' in the subject:
Charles Epstein?, formerly of USAFL, Eglin
and NATO Headquarters, Brussels and now
Vice President of Armcom Inc,

(b) an zirfrawe aerodynamic designer: David
Shavrz,; Assistant Chief Aerodynamicist -
Fluid Motion, BAe (Military Afrcraft),
Warton. and

(c) = launcher designer: Mr D Criffin3, Chief
Engineer, Frazer Nash Defence Systems Ltd.

2 New' (1 :
¢a) Internal carriage,
(b) Improved launch systems,
(¢) Active Control during launch

3 Mathematical wodelling for predictions of store

release.

4 Devalupdent and spplication of experimental and
t for

Lo}
instailed drag, carriage loads, effacts on
sircrals stabilicy and store release
trajectories. =

5 The BAE Yornado flight research programme to
provide daca for evaluation of prediction
methods: airzrift flow ffelds, store carriage
loa‘d: and Telease trajectories.

6 i problems of store
carviage and relesse: design and prediction.

The first day of the conference was therefore
devoted to design and new concepts (items 1 and 2
above) and the remainder of the conference to
progress in developing, applying and evaluating
prediction methods (items 3-6 above).

2_DESIGN CONCEPTS: AIRCRAFT/STORE CARRIACE

Charles Epsteinl, throughout his career first at
USAFL Eglin, then at NATO Headquarters and then as
Program Manager of the USAF Low Observables Weapons
Program, has emphasised the need for aircraft/store
compatfbility. This has also been the constant
theme of AGARD FDP Working Parties and conferences;
ideatly, afrcraft and weapons should be designed
together as a single entity. There have been many
reasons why progress towards this ideal has been
slow: in practice, aifrcraft have to carry many
different stores of varying shape and size; many of
these stores have been stockpiled for many years
and there is a reluctance to abandon them.
However, genuine progress has been made. It is no
longer the norm, as it was 10-20 years ago, to
carry all the stores on aerodynamfcally dirty
multiple racks or carriers. Standards of
serodynamic cleanliness have been greatly improved
and there has been a trend towards carrying as many
of the stores as possible under the fuselage rather
than on pylons below the wing. Shaw in his review?
listed the pros and cons of alternative schemes
He noted that carrying the stores on pylons below
the wings not only generally gave the highest
fnstalled drag: it could lead to a loss in
longitudinal stability for an aircraft with a low
tail; it could cause flutter problems and it could
make jettison of light stores difficult; jettison
loads could give wing response problems and
asymmetric carriage could lead to rolling moment-g
limits on pull-out. However, underfuselage
carriage on pylons is not ily a p :
there can be directional stability problems.
Regard simply for aerodynamics can lead the
engineer to favour an installation in which the
stores are semi-buried in the bottom of the
fuselage: lowest drag, negligible effects on
stability, smallest tnstalled loads, no flutter or
aeroelastic problems and, in general, satisfactory
jettison and release characteristics. However ,
installation accessibility with such a scheie can
be poor and the cavities cut {inte the aifrcraft
fuselage rarely fit more than one type of weapon.
One must conciude that, to date, the best all-round
compromise has been achieved with conformal
carriage. Cenerally, this implies that the stores
are carried in tandem and are fitted snugly below
the bottom of the fuselage and, in this sense,
conformal carriage has been practised extensively
on aircraft such as the F-14, F-15E and Tornado.
Indeed, one could claim that the store
installations on the F-15E in particular exploit
many of the recommendatiors put forward In earlfer
AGARD reportz. The F-15E, now in production, Is
able to carry up to 12 bombs i{n two rows of 3 on
conformal fuel tanks located on each side of the
a‘reraft fuselage. The complete arrangement, ie
aircraft + fuel tanks + weapon racks, has been
designed with regard to {ts longitudinal
distribution of cross-sectiomal area and, as a
result, the performance improvements are similar to
those obtained in the 1970s in a research programme
with the F-4B. Epstein] noted, for example, that
this arrangsment on the F-15E had given more than
230 MM increase in low-altitude dazh, more than 100
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NN radius increase at supersonic speeds, a 450 NN
radius {ncrease while carrying three 2000 1b bombs,
and en increase of over 1.5 hours of on-station
time; the installed drag of the conformal tanks was
about 50% less than that of two pylon-mounted tanks
and also, tihe conformal tanks hold 28% more fuel.
Although not mentioned at the Bath conference, one
could add at this point that conformal carriage is
not necessarily limited to installations on the
fuselage: the F-16XL {s an example of where it is
possible to mount weapons in tandem in a semi-
conformal arrangement snugly against the wing lower
surface again showing, as confirmed by flight
tests, very low values of installed drag.

Conformal carriage or at least, an approach to
conformal carriage, 1is therefore practised on
existing aircraft but, looking to the future, there
appears to be a trend in the US but not yet in
Europe, towards - or, should one say, back to -
internal carrisge. The potential advantages are
obvicus - no store drag and a low radar signature
or at least a low signature on the way to the
target. In pagsing, one must wonder about the
implications of the fact that when the aircraft
reaches the target area - the most difficult part
of the flight - the bomb bay must be opened to
release the weapons and it Is quite possible for
the radar signature to Increase by as much as two
orders of magnitude.

internal carriage has been chosen as the primary
method of store carrjage on the USATF, A-12 and
B-2. Internal carriage brings its own aerodynawic
problems. Both NASA ungu"fs and AEDC Tullahomat
have bheen studying these problems in major long-
ruming research programmes; highlights of both
programmes were presented to the Bath conference
and are to be found in papers 4 and §.

Floyd WilcoxS of NASA Langley discussed the effects
of cavity geometry on the flow in the cavity. The
primary factor in determining the type of flow is
the length/depth ratio, L/h. In a deep cavity with
L/h € 11, the external flow passes over the cavity
with hardly any expansion into the cavity: this is
termed ‘open cavity flow'. With a shallow cavity,
L/h > 13, on the other hand, the flow expands into
the cavity, impinges on and attaches to the cavity

floor (ie bomb bay roof) and then exits at the
rear; this is termed ‘closed cavity flow'. The
corresponding  pressure  distribution shows a
decrease {n pressure .in the forward region where
the flow is expanding into the cavity, an increase
in pressure as the flow impinges on the floor, a
pressure plateau ag the flow passes along the floor
and then a further increase in pressure ss the flow
exits ahead of the rear face. In the transitional
range, 11 € b/h < 13, as L/h changes from 13
towards 11, the jmpingement and exit shocks first
coslesce to form a single shock: transitional-
closed flow and then, as L/h is decreased further,
the high pressure region at the rear vents to the
low pressurs region at the front and the flow is
then turned by a series of wesk expansion and
congression waves: transitional-open flow.
Clearly, the pressure fields associated with closed
or transitionsl-closed flows exert more severe
interference on the stores when they are ejected or
released and examples are included by Floyd Wilcox
showing how the store normal force and pitching
aoment can vary appreciably with distance below the
cavity when the flow is of the transitfomal-closed
type but whers there is hardly any variation for
opwn cavity flow:

Clossd cavity flow, te a shallow cavity, is however
of msjor practical interest: {f one has to increase
the dapth of the cavity to avold these adverse
{nteérferance effects, this is equivalent to saying
that one is increasing the volume of the alrcraft
wnd’ this, Incressing its drag. The iaportant

feature of the research at NASA Langley is
therefore that the adverse effects can be
alleviated sfgnificantly by allowing air to bleed
from the rear to tha front of the cavity efther
through a chamber below a porous floor or through
pipes let into the floor, Again, from wvolume
consfderations, the second of these schemes is
potentially more attractive but, in the research to
date, it has not been uniformly successful at all
Mach numbers in the test range up to M = 2.65: this
may merely indicate that further research {s needed
to establish the design rules for the size of the
pipes. When it is successful, the fmprovements in
the variation of both store pitching moment and
yawing moment as the store leaves the cavity are
dramat fc.

The research® at AEDC, which has concentrated on
the aeroacoustic characteristics of cavity flow,
shows however that even open cavity flow can lead
to problems. Typical acoustic spectra for a deep
cavity show that both the model and broadband
amplitudes are at their greatest near the
downstream wall of the cavity where the steady
pressure reaches a maximum. Characteristic tones
are clearly visible In these spectra and it {s
disturbing to find that, even in this example with
open cavity flow, the amplitude of these tones can
be as high as 170 dB. As noted! by Epstein, 'these
high acoustic levels, approximating the levels of a

Jet engine exbaust at 20 feet or a booster rocket,
can cause serious structural problems to both the
aircraft and weapon structure, and may be
catagtrophic for sensitive store avionics.' A main
aim of the research at AEDC has been to find some
means of alleviating these high acoustic levels.
Some success has attended the use of sawteeth or
flap type spoflers mounted at or near the leading
edge of the cavity. Earlier work30 by Clark of
AFATL had shown that the combination of a leading
edge sawtooth spoiler and a rear bulkhead ramp was
the most effective device but Dix in his paper? at
the Bath conference pointed out that the internal
ramp requires a cavity length that is tonger than
otherwise required and is therefore not regarded
with favour by the structural designer. Results in
the Bath paper show that, at subsonic speeds, a
sawtooth spoiler with a height = 3 x boundary layer
thickness placed at the front of the cavity on its
own was effective in reducing both the tones and
the overall sound pressure level. It also creates
2 benign flow field over more of the length of the
cavity and also, it gives a favourable nose-down
pltching moment on a store when it is released.
Unfortunately, however, these spoilers appear to
lose their effectiveness at supersonic speeds. The
paper also shows the interaction between spotler
effectiveness and different types of cavity door.

The test programmes at boih NASA Langley and AEDC
have created a very large data bank of experimental
data which is now available for correlation. This
exercise should help to fmprove prediction methods:
at present, for example, one can make a tolerable
attempt at predicting modal frequencies but there
is no easily applicable method for predicting modal
amplitudes. Doubts persist as to whether the data
are subject to scale effect (note: scale, not
necessarily to b~ equated to Reynolds number).

Further research iz therefore still required but
Epstein! suggested that practical questions rather
than aerodynamics may ultimately pose the more
serious problems hindering the successful use of
internal carriage. At present, there appears to be
little activity on the practical issues to match
the effort on aerodynamics. To quote some of these
practical questions, ‘'how are the stores. to be
mounted in the cavity, how will the desired store
be selected st any time for release, how will the
boab racks be moved around to allow for different
size stores to be carried and, if more than one
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fayer of stores is used, how will the upper stores
be ejected wihtout hitting the lower racks?'

Whether one should adopt internal carriage on & new
high performance afrcraft depends on a judgement
regarding acceptable levels of aircraft radar
cross-section. Again, to quote Epstein, '{nternal
carriage is not necessarily required to obtain 'Low
Observable' standards even with existing weapons.*
Designers are however considering -~ and fn some
cases - adopting internal carriage to achieve 'Very
Low Observability’ but even here, there are
trade-offs to be considered.

3__DESIGN CONCEPTS: IAUNCHER DESICN

There is no doubt that safe separation of stores
from a cavity is more likely to occur if the stores
are ejected with a high end-of-stroke velocity and
a reasonable nose-down pitch rate. The trend to
internal carriage will therefore increase the need,
already present, for improved launchers giving high
end-of-stroke velocities coupled with low peak
accelerations over the ram stroke. Several
papers3.6.7,8 gt the conference drew attention to
the typical scceleration versus time curves of
present-day launchers. Criffin3 noted that missile
structural strength or gyro tolerance generally set
the limit to the peak allowable acceleration and
the afrcraft {installation {is often the primary
factor in determining the length of the ram stroke.
This leaves the launcher designer with the task of
optimising the launcher performance to give a ratio
of peak to mean acceleration as close as possible
to 1:1; present-day launchers fall well short of
this tdeal.

Several papers3,6,8 discussed how to tmprove
launcher designs in this important respect.
Long-term, the most significant paper mey prove to
be that given by Holder8 of Attack Weapons
Department, RAE Farnborough. This described the
early stages of a research programme ajfmed at
exploring the possible use of liquid propellants.
These would offer a number of important advantages:
reduced maint , reduced costs and, wost
significantly, the ability to change the rate of
flos during the stroke and thus to modify the shape
of the force, te acceleration versus time curve.
Research to date has concentrated on finding =2
suitable liquid propellant and addressing the
crucfal issue of repeatability. Factors affecting
performance are still being addressed and much
remains to be done. Eventually, it {s hoped to
produce a ram powered by a liquid propellant and to
establish, using the ignition of the bulk fluid,
full pressurisation curves for th: operation of the
ram. The final phase will be to try to perform
open and closed loop control of the liquid supply
to vary the burning rats vith ram stroke and hence
to be able to generate a particular response by
altering the control mechanism.

This work with liquid propellants is being watched
with interest by the manufacturers but it has to be
viewed as a2 long-term development. In the
meantim~, both Frazer-Nash? and ML  Aviationb
described their present design strategy. Frazer-
Nash highlighted how they have used mathematical
modeiling including dynamic simulations; ML
Aviation presented the design of a high-pressurc
nitrogen-powered eject launcher developed in
association with MBB and Matra: this would be
suitable to mest the priorities of an internal
carriage installation but would involve significant
peralities, »g.15% in weight and 25% in volume
compared vith existing lauhchers which are thought
to be mo'e than adequate for aircraft such as
Tornado, ''I8 or EFA.
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Griffind, in his general review of launcher design
philosophy, pleaded for the launcher requirements
to be considered at a much earlier stage in the
design of a new aircraft or a new weapon. The
essential requirements are to provide full control
and restraint to the store in yaw, pitch and roll
throughout the ejector stroke but too often in
practice, these have had to be compromised because
the launcher designer has been faced with a
situation {n which both the aircraft and weapon
designs have been frozen without discussion with
the launcher designer. Griffin showed a picture of
his idealised ejectable missile/launcher interface:
still designed to cope with rail launch in addition
to stores ejection as this is seen to bs a
continulng requirement. 1t is however idealised in
the sense of including spigot features on the
missile directly under both ram fest: such spigots
or pegs on Sky-Flash provide 'a quantum improvement
in missfle alignwent, load capability and
constraint, during ejection’, Missile Interface
limftations on past launchers/weapons are
considered to be the greatest single problem facing
eject launcher designers. Complex geometry and, in
particular, excrescences on the missile such as
strakes containing the RF avionic systems have been
a serious embarrassment. In practice, compromises
will always be necessary and s0, whatever
recommendations are made in an idealised world,
problems i{n release will be encountered in the real
world even with the best launcher designs: hence,
the importance of the next design concept - the use
of active control, ie an autopilot in the launch
phase.

4 _DESICN CONCEPTS: ACTIVE CONTROL DURING LAUNCH

A complete session of the Bath conference was
devoted to the concept of using active control in
the leunch phass - a vaiuable concept that has
already proved itself in p-actice, eg in the
certified releases!2 of Skyfla-h from Tornado, but
which is, of course, limited to releases of guided
weapons; it is of no use for an nert bomb.

Deslandes? of MBB presented a clear example of the
value of this concept. In this case, without
active control, high weapon roll rates were induced
by the aircraft flowfield, accentuated if the
afrcraft wes manceuvring in a turn. In & 45° turn
at M = 0.8, computer predictions suggested that the
weapon would roll so fast that the upper rear fin
would collide with the launcher at the start of the
release and that the roll motion would saturate the
missile gyro; as a result, when full guidance was
activated, one would be left with a bank error of
15" making it very dublous whether the missile
would perform fts operational task. Indeed, the
predictions suggested that it was only when the
sircraft was flying straight in a restricted
incidence range between 2° and 6 that there would
be no degradation of the weapon flight control
system. Performance therefore fell well short of
the customer's requirements. Activation of the
full guidance mode of the missile during the launch
phase gave only a marginal fmprovement but
development of a special software package with
enhanced roll control solved the problem. This
autopilot was activated from 0.05 to 1.0 seconds
after hook-off during which time the missile moved
forward from the carriage position to a location
about 50 ft ahead of the aircraft. The software
package was designed to accept t15° roll deflection
authority (rather than t5°) applied to all surfaces
and ignored all pltch and yaw commands. The
roll-rate peak rates now remsined below the gyro
1imftation and the missile was controlled into the
horizontal hook-up position compensating correctly
for the 45° initial bank angle of the aircraft; a
clear separation was predicted. These computer
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predictions were subsequently confirmed in flight
trials. The customer requiremsnts were nom fully
wet.; Deslandes? concluded that active control was
an attractive, feasible solution in cases where,
without active control, flow disturbances are
leading to an unacceptable limitation of the
operating envelope, where hardware changes are
difftcult or impossible to implewent but where
software chsnges can 2 introduced cheaply and
quickly into the missile guidance system.

The regquired type of autopilot is likely xo vary
according to the missile/aircraft combination. In
the case Jjust described, the yroblem lay in the
missile rolling motion; in the casel0,12 of
Skyfiash on Tornado, tae problem arose bctause,
under certain conditions, the mtssile could
experience a large nose-up pitching moment which,
1f uncontrolled, could lead to & collision between
the missile and the nose of the aircraft fuselage.
Two active control modes In pitch were developed,
one based on pitch rate and the other on pitch
attitude, For this particular application, pitch
attitude proved ts be the betier choice; the pitch
rate control gave excessive nose-down pitching
moments for releases under benign conditions
whereas pitch attitude gave satizfactory results,
te safe separations, for releases under both
adverse and benign conditions. BAe, In two
paper:w-u at the conference, argued convincingly
that the certified Skyflash envelope was an
‘excellent achievemant which would not have been
possible without a relfable flight control system
active during the release'.

Use of active control clearly adds to the
complexity of making accurate predictions of the
release characteristics by means of ground-based
experiments. Mrs Woodll of ARA described how this
challenge had been met successfully with the
2-sting rig at ARA. With an 1/11 scale model, it
was not possible to move the missile wings during
the test and so the loads due to the action of the
autopilot had to be estimated by a simplified
representation of the control system and then fed
tnco the TSR computer as corrections to the
measured loads. Further corrections to these joads
were needed to allow for the missile rocket motor
thrust and also for the fact that, during the
retense, the missils Mach number was greater than
the afrcraft Mach number and, as a result, the
migsile shock patterns in a test conducted at the
aircraft Mach number are incorrect. In addition,
as is normal practice with the TSR, corrections had
to be made to allow for the dypamic incidence and
damping derivative terms. For practical reasons,
the TSR trajectories were commenced at the end of
sjector stroke (EOS) and the EOS conditions were
either matched to flight in cases where the firings
had already taken place, or to conditiuns
calculated using the BAe mathematical modellZ (see
below in §5) in cases where the fiight data did not
yet exist. Despite the necessarily indirect
approach, trustworthy pre-flight predictions of the
trajectories wers achieved but as with any ground-
besed sxperimental (or theoretical) prediction to
be successful, one requires an  adequate
representation of the miasile control systenm,
control asrodynamics and the performance of both
the rocket motor and launcher.

Two papers- at the conference highlighted the value
of a mathematical model for the prediction of store
telaase trajectories,  First, AkroydlZ of Pae
(Milicary Afrcraflt) when describing the
certification exercise for the Skyflash on Tornado
concluded that ‘the use of mathematical models
based on wind tunnel data gives accurate trajectory

simulations which has led to a significant
reduction in the required flight test programme'.
The model was comprehensive: {t {nciuded the
missile mass characteristics, the rocket moter
thrust proffle, the launcher performance, the free
air aerodynamic dita for the misstle, a wodel of
the aerodynanic interference data based on measured
flow fields and also grid loads measured with the
ARA TSR and finally, the flight control system as
transfer functicn blorks connecting missile wing
deflection outputs to missile angular body rate/
attitude fnput. The model waz used to define the
Flight test programme. In general, the flight test
data were in reasonable agreement with the model
predictions but as the flight test programme
continued, modifications, significant but never
large, were introduced into the mathematical model
to {mprove the match. For convenience, the
wodifications were mostly made to the aerodynamic
pitching moment term although, in fact, {t fis
likely that the wide variability {in launcher
performance (strongly dependent on temperature) was
at least partly responsible.

The second relevant paper fin the context of
mathemat ical modelling was that given by Wolffelt17
and his colleagues at SAAB. It was generally
recognised that this was one of the two outstanding
papers at the conference (the other being the
review?d of CFD developments by Kraft and Belk, see
§8). The SAAB approach starts from the thesis that
all ground-based experimental techniques and alt
theoretical methods have their limitations bu all
can ~ and should - be used to develop and validate
the mathematical model. Clearly, all TSR and drop
tests in a wind tunnel should attempt to reproduce
as closely as possible the conditions in the
relevant flight release but when a mathemstical
model is available, the tests will still be useful
even when a perfect correspondence with the flight
conditions is not possible. The model can be used
to predict the release in the tunnel test; if good
agreement is obtained, this helps to create the
confidence that the model can be used to predict
the flight release. Both the SAAB and BAe models
discussed above are being 'based on wind tunnel
data' but there is a subtle change of emphasis.
The SAAB approach lays considerable stress on the
value of wind tur' ~! drop tests, These are planned
with the specific aim of evaluating and refining
the mathematical model. As noted above, they do
not necessarily simulate any particular flight
release. Technically, these drop tests can be
complex and expensfve but SAAB are convinced that
they provide the best means of validating the
flow-field representation in the model and that
then, there will be no need to tune the model to
give agreement with particular flight tests.
Experience has confirmed these hopes - provided one
really knows the initial conditions for the
release. Accurate knowledge of the end-of-stroke
velocities is absolutely vital. Regarding the
expense of the special drop tests, Wolffelt17 noted
that, for the clearance of releases of external
fuel tanks from the JAS 39 aircraft, the reduction
in costs of the flight test programme already
corresponds almost exactly with the cost of the
tunnel tests and ultimately, as the prograsme
proceeds with the deletion of further flight tests,
there will be clear profir.

The SAAB mathematical model {s comprehensive; it
includes all the modules mentioned when discussing
the BAe model and also, a special collision controi
algorithm since experience had ¥hown that without
such a feature, collisions were difficult to
detect. The input dats for the model were blended
and selected not by a computer but by an
intelligent engineer diracting a computer! SAAB
enphasise that {t is important to obtain a complete
picture of the interference effects in the carriage
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position - from tests on models with a faithful
representation of the full-scale geometry. An
example was quoted where the missile control
surface efficiency was changed dramatically by
these interference effects. The results were for
the Skyflash missile for which two of the four
wings mounted half way along the body provide the
roll control. With the missile in isolation, the
direct effect of these controls tends to be offset
by the effects of the swirl on the tafl Fins but in
and near the carriage position, the presence of the
afrcraft pylon tends to deatroy this offsetting
effect. Differences are also observed between port
and starboard results because of the relative
direction of the aircraft-induced sidewash to the
wings providing the control. This detafled poiat
was not wmentioned by any other speaker at the
meeting and {is a good example of the careful
thinking underlying the development of the model.

The value of a mathematical model was demonstrated
by an example where the release trajectory
predicted using the model appeared to be completely
safe whereas, in s CTS test using the ARA TSR, it
was very different and clearly a hazardous relesse.
Flight tests subsequently showed that the safe
release prediction by the model was correct. The
explanation for the discrepancy between the two
predictions lay in the very rapid change in store
pitching moment with a small vertical displacement
of the store from the carriage position. In the
TSR test, the trajectory had to start from a point
a small but finite distance below carrisge;
otherwise, due teo rig vibration, a collision would
occur As noted earlier, the mathematical model
can be used - and was used - to predict both the
tunnel and flight trajectories and this confirmed
that the difference between them was due to the
small error in starting condition. One could of
course add that an alternative solutfon to this
difficuliy, once one had been aware of the pitching
moment data, would have been to derive some
corrections to the measured loads to allow for the
difference in startiag conditions, and then feed
these into the trajectory calculations In the TSR
computer, in the manner described earlier for the
corrections in the GW release tests,

As a2 final point about the SAAB presentation, f{t
ended with an impressive video showing how the
release predictions are handled at a graphics
workstatfon. A program described as a 'synthetic
projector’ has been written and this enables the
release to be viewed from any angle and for the
angle of view to be varied during a release without
disturbing the store motion.

As would be expected, the conference included a
numbsr of papers describing further refinsments in
the empirical prediction methods and application of
these methods in new situations such as releases
from a hovering helicopter,

Ditleniusi® reviewed progress at the Nielsen
organigation with NEAR methods. The application of
these mothods to the carriage and iaunch of Pegasus
from a B-52 is t6 be described in another paper3!
at "this AGARD meetlng. Generai experience has
shownt that these methods can be a reliable guide to
release characteristics particularly {If, at
supersonie speeds, corrections Tfor non-linear
effecty are included shen determining the posittons
of shock waves fn the flow fields. Poorer
agreoment - would be expected when using the methods
to. calculate garviage loads bscause of the
Itkelthood of ‘more savere viscous effects and so
perhaps the most encouraging example i the paperid
by Dilienius is the comparison between prediction
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and experiment for the varfation of store normal
force and pitching moment with vertical
displacement of a store below an open cavity. The
NEAR methods correctly predicted the reversals in
normal force and pitching moment which occur close
to the cavity in contrast to the smooth monotonic
behaviour for a store below a closed solid body.

I1saacs22  described recent improvements In the
RAENEAR code and presented many comparisons with
experiment. Recent refinements have {mproved the
agreement and reasonable results are often achieved
in supercritical conditions at low incidence.
Isaacs points out that many of the remaining
discrepancies are due to strong viscous effects in
the real flow and hence, similar discrepancies
would be expected to be present even {f the
predictions were made by the more expensive panel
or Euler metheds. Also, the RAENEAR predictions
would be expected to be more accurate for cases
where the Installations had been designed to
eliminate separatfons in, for example, the
wing-pylon junction.

A parallel paper2d by Bailey of the BAe Sowerby
Research Centre presented results from a recent
study in which the semi-empirical supersonic NUFA
(SNUFA) method was used to predict store captive
trajectory loads and store load distributions.
SNUFA requires the input of a flow field and, in
this study, the flow fields were obtained either
experimentally or with the use of either the BAe
(Warton) Mk II Supersonic Panel Program or two
Euler codes developed at BAe (Filton). The results
showed that the quality of the SNUFA predictions
depended critically on the quality of the flow
fields and, In this respect, both the panel method
and the Euler codes had their weaknesses. The
panel method had the great advantage that complex
configurations could be modelled with ease but the
assumption of potential, linearised theory meant
that the shock waves In the flow field were not
positioned correctly (ie corrections such as those
introduced into the NEAR programs were needed).
The results using the Euler codes were encouraging
but ghowed the need for a finer grid; it is hoped
that, 1In the future, it will be possible to use a
full multiblock method to calculate the flow field.

Another paperls from the BAs Sowerby Research
Centre described the development of a prediction
method for modelling store releases from s hovering
helicopter. This was achieved by coupling together
a number of existing codes and modifying and
improving these where necessary. Encouraging
results have been obtained but further developments
are needed. For example, the program currently
calculates time-averaged induced velocities rather
than instantaneous induced velocities. Modifying
the program to calculate instantaneous {fnduced
velocities could improve trajectory predictions if,
at the same time, some control of blade position at
store release were also incorporated. This would
provide a means of controlling the interaction of
the tip vortex with the store. Another limitation
at present is that the distorting effect of the
fuselage on the rotor wake is not being modelled.

Finally, in this brief survey of empirical methods,
mention should be made of the paperi3 by Ross of
RAE Bedford describing the further development of
the RAE method for predicting installed drag
Recent experimental programmes have extended the
data base at transonic and supersonic speed. and
attempts have been made to improve the accuracy of
the prediction method In the diffizult Mach number
range between M = 0.95 and M = 1.2. The paper
highlighted some exsmples of where, In this range,
any empirical method will inevitably hive Its
limitations in predicting the variation of
installed drag with Mach bor . Unexpected
variations have beon found, particularly for very
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thin wings. It is believed that these results are
gohuine and not caused by tunnel wall interference
but almost certainly, s CFD approach would be
nesded to predict them.

A complets afternoon at the Bath conference was
devoted to the presentatifon and discussion of a
wide-ranging UK research programee in which
measurements are being made In flight of store
carriage loads, store relsage trajectorfes and the
flow fields through which the stores pass
tomediately sfter release. The aim {s to provide
high quality flight data that can be used for the
evaluation of a1l avaflable ground-based predictien
methods, both experimental and theoretical. Two
plpersl§r2° from RAE described

(1) the aircraft being used for the tests - a
Tornado,

(11) the specially instrumented stores - inert
BL755s, equipped with fnternal S-component
strain gauged balances, and mounted om the
shoulder underfuselage pylons,

(i11) the special instrumentation developed for
the tests such as the rigs for the flow-
survey rakes,

(lv) the test programmes and how the data are
being recorded and reducecd

Results from this fmportant programme are only just
becoming available; the analysis of the data has
onty just started. Staff at six different sites in
the UK are coopsrating In the analysis and in the
comparison of the data with the prediction methods.
The workshop-style unscripted discussion at the
conference provided a snapshot of this activity at
this point in time. Suggestions and comments in
the discussion will help in the planning of further
tests when fiying resumes later in 1990. To date,
carriage loads have bean measured for 4, 3, 2 and
1-store arrangements on the shoulder underfuselage
pylons and store relesses have been photographed
fFor 4, 2 and 1-bomb configurations with all
relesses Leing from the rear port station. It is
clear that this programme will provide plenty of
data for future AGARD conferences.

8 APPLICATION of CFD TO STORE CARRIAGE
AND RELEASE

There has been considerable progress in the last
few years in the development and application of CFD
to problems of store carriage and release. At the
very least, CFD can now be used as a guide to good
design but in an exciting review paper?$ by Kraft
of AEDC/Calspan and Betk of AFATL Eglin, much
stronger claimws are made. To quote: 'Dramstic
advances have been made in various CFD methods that
now permit good engineering simulation of the
carriage and release of p from ad d
aircraft configurations. The introduction of CFD
into the weapons integration process ... portends a
significant change In the manner in which stores
are integrated with airframes ... Wweapon
tntegration can now be exanmined before the design
is frozen. Modifications to the location and
orientation of hard points for weapon attachment
can be evaluated ... For existing alrcraft, the
use of CFD techniques presents a significant
opportunity to reduce the time needed to certify
stores for safe separation .... Release effects
can be determined within a few weeks using
computat fonal methods.'

These are strong clafws. How has the progress been
made? The paperz‘ by Kraft and Belk suggests that
the vital contributory factors are:

(1) Advances In grid generation for complex
intersecting geometries

Two primary techniques are being used. First, the
EACLE code: a multiblock approach; this is a
general, three-dimensional ellfptic grid generation
code developed b; ‘!‘hompson32 with recent extensions
by Kin33 and Tu34 who have dewonstrated solution
adapt{ve grid generation on blocked grids. This
code was developed originally under USAF funding
but is now widely available in the US. Second, the
CHIMERA approach by which one mesh may be embedded
entirely or partially within arother and which
allows each subdonain to be meshed independently
with no requirement for continufty of grid lines
from one grid to another. Communication betwecn
grids is ostablishad solely through grid
houndaries.

Exawples of the use of both techniques are included
in the Kraft and Belk paper2d,  The CHIMERA
approach is particularly suitable for external
store problems. The sub-grid around the store,
once optimised, can be placed in any relative
position in the aircraft flow field and NASA Ames
have now produced a progr known as x-MOTION in
which CHIMERA grids move relatively to each other
in order to calculate transient flow fields around
bodies in relative motion. Meakin??, in another
paper at the Bath conference, described the
application of the x-MOTION program to the
prediction of the transient Fflow around the space
shuttle vehicle both in fts ascent from subsonic to
transonic conditions and during the release of the
space rocket boosters.

(2) Advances in flow solver algerithms

Codes are available based on the solution of both
the Euler and the Reynolds-averaged Navier-Stokes
equations., The derivation and refinement of upwind
slgorithms has greatly improved the resolution of
shock waves in the flow fields. Also, in the
context of store separation problems, Kraft and
Belk place particular emphaslis on the value of
implicit methods. In general, iIn the past, the
preference has been for explicit methods on the
grounds of simplicity, low cost per time step and
smaller requirements for computer memory. However,
the timescales involved in store separation are
very large compared with the time step required for
a stable solution from an explicit method:
typically, 106 time steps required to drop a store
a few ('wmeters. Implicit time-accurate viscous
calculatfons have however been demonstrated with
Courant numbers as high as 104 rather than 0(1)
and, as a result, simulation of a store drop can be
done in hundreds rather than millions of time
steps. The change to implicit methods has
therefore been a most {mportant factor in reducing
comput ing costs for store release calculations.

(3) Uze of incremental techniaues for
prediction of store refease

Methodologies have been developed at AEDC whereby,
instead of haviag to undertake CFD calculations of
the absolute flow fields and store loads, one
merely uses CFD to calculate the incremental
effects on the fliw field and store loads having
already determined the baslc aircraft flow fleld by
either a wind tunael test or a CFD calculation.
These increments are then introduced into a
trajectory generation progrsm developed as an
extension of the Influence Function Method (IFN),
described in papers at earifer conferencas.
Somewhat surprisingly, It is claimed that when an
I free-stream prediction with its associated
1inearisation arror is subtracted from an IFM
{nterference flow prediction also including
linearisation errors, the resulting deita
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coefficients are close to the true values that
would be observed {n an experiment. Also, by using
defta coefficients In the trajectory prediction
code, one only needs a CFD calculation with the
store in the carrfage position as opposed to a
serfes of calculations with the store st many
different points in Its trajectory. With these
simplifications, the calculations for predicting
stors relesse become cost-effective on present-day
computers as an engineering tool.

(4) Extensive experimpental programs for
CFD evaluation

Finally and significantly, AEDC in recent years,
has undertaken major experimental programmes
planned with the specific aim of providing data
that can be used for the evaluatfon of the new CFD
methods.

The paper24 by Kraft and Belk contained various
examples demonstrating the capability of the CFD
mathods. These included:

(a) Mach number contours in the Flow field around a
wing-pylon-weapon configuration. These were
obtained from Reynolds-averaged Navier-Stokes
calculations and the results show the detail of
the flow, eg in the boundary layer and In the
wake behind the pylon.

(b) Pictures of the streamiines close to the

undersurface of a 3-body configuration showing

good agreement between the results of Navier-

Stokes calculations and the evidence from oil

flow tests,

~

(c

~

Pressures at a point on the side of a shoulder
body in a 3-body configuration, each body
fitted with low aspect ratio cruciform fins at
the rear. Euler multiblock calculations were
succassful {n forecasting the main trends with
Mach number in the experimental results in the
transonic range (M ~ 0.80 to M ~ 1,20),

(d) Finally, a comparizon between prediction and
experiment of the release trajectory of a
weapon released from a pylon on the outboard
sfide of one of the conformal fuel tanks on the
F-15E. These predicted results were obtained
entirely by CFD  without making  the
simplifications described above. The flow
field around the complete aircraft + conformal
fuel tanks + pylons + stores was calculated and
the predicted trajectory showed good agreement
with experiment. This was a far from trivial
case: on release, the weapon initially hung up
clogse to the carriage position but yawed
notably: these features in the experfmental
results were faithfully reproduced by the
calculations: an Impressive resuit,

Despite this success, Kraft and Belk conclude24
that ‘even with these advances in CFD techniques,
aerodynamic predictions of a quality sufficient to
enable accurate trajectory predictions are beyond
the capabilities of current methods in a totally
robust manner.' Nevertheless, they 'can be used
confidently in a preliminary design stage to assess
the influence of the airframe design on the quality
of store separation.’ The paper ends with a
summary of the on-going CFD development tasks being
undertaken at AEDC and AFATL.

The paper from AEDC/AFATL hss been summarised in
some detafl because it clearly gives a good idea of
what s befng achieved at the frontiers of
progress. It can be regarded as a guide to what is
going to be possible more generally in the future
but three other papers are worth mentioning as
{ilustrations of what can be achieved today:
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(¢)) Stanniiand of ARA showed?5 how the ARA
Multiblock/BAe Euler CFD method has been
used successfully to design iwproved
underwing pylon installations.

€T)) Clarkson of BAe (MA), Brough, presented26
examples of where the BAe panel trajectory
progran, TSPARV, has been used
successfully to predict release
trajectories for complex cases. For
example, the method is capable of
modelling the complex store fnteraction
effects in a ripple release and hence, in
determining release sequencing/intervals
for satisfactory release it is
noteworthy that a run with TSPARV only
costs £500 - far cheaper than the more
advanced CFD methods or a flight test
programme .

(it1) Finally, Carrol! Dougherty, who introduced
the CHIMERA grid concept to an AGARD
audfence in Athens in 1985, presented2?
further examples of its use, The
calculations are effective in showing the
physics of the unsteady flow around a
store in the releaso trom a simple wing.

2___CONCLUDING REMARKS

To sum up, the highlights of the conference can be
listed as follows*

1 Progress in solvin the acrodynamic problems of
internal carriage

2 lLong-term prospects foi launchers giving mean-
to-peak acceleration ratlos closer to unity,

3 The success of applications of active control
during release,

4 The wvalue of mathematical modelling for
predictions of store release,

5 Steady progress in refining empirical methods
of prediction and in the application of these
methods to new problems,

6 A major flight research programme,

7 Dramatic progress in CFD developments for at
least 3 US establishments.
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PRESSURE MEASUREMENTS ON SLENDER BODIES AT SUPERSONTIC SPEEDS AND DEVELOPMENT OF
FLOW SEPARATION CRITERIA FOR EULER CODES

J. Hodges
L.C. ward
T.J. Birch
Weapon Systems Aerodynamics Division
Royal Aerospace Establishment
Bedford MK41 6AE, UK

SUMMARY

Surface pressure measurements on a
cylindrical body with a tangent-ogive
nose are degcribed. The Mach number
range is 0.7 to 4.5 with incidence angles
up to 26°. The high density of the
measurements has allowed surface pressure
contours to be constructed and detailed
flow ifeatures can be observed. The
measurements have suggested the uss of a
2-element approximation to represent the
line along which flow separation occurs.
Calculations have been made using a
spsce-marching Buler code (2EUSB) both
with and without forcing flow separation.
Comparisons with experimental data are
presented which show that forcing flow
separation significantly improves both
the surface pressure and force predic-
tions. Conclusions are drawn regarding
the use of a 2-element separation line
represenation within Euler codes.

LIST OF SYMBOLS

C1 total rolling moment coefficient

Cn total normal force coefficient

Cnp control panel normal force coef-
ficient (ie normal to panel
surface)

Cp pressure coefficient, ie (p-p.)/q
Cpmin minimum value of Cp (see Fig 7)

pressure coefficient when p = 0

D maximum body diameter (1 calibre)

M freestream Mach number

P surface pressure

P freestream static pressure

q dynamic pressure

Re freestream Raynolds number

X distance from nose along body
axis

Xa distance from nose to upstream
row of pressure taps

%b distance from nose to downstream
row of pressure taps

Xcp value of X for longitudinal
centre of pressure pogition

Xn length of cylindrical extension
piece

-] total angle of incidence
{degrees)

A body roll angle

[ sngular position on body surface

relative to windward generator

{positive anticlockwise)

o valve of ¢ at Cp,,

value of iy for an infinite
bnc cylinder
1 INTRODUCTION !

Traditionally, the aerodynamic loads on a

" missile shape have been obtained from

wind-tunnel tests and semi-empirical pre-
diction methods. The combination of
falling computer costs and the inability
of semi-empirical methods to handle some
new configurations has led to
Computational Pluid Dynamic (CFD) methods
being applied to missiles. For conven-
tional shapes CFD methods are more expen-~
glve to run than semi-empirical methods
but they can provide more accurate predic-
tions and additionally supply flowfield
information.

The Royal Aerospace Establishment (RAE)
has conducted a series of tests to produce
a data-base of experimental forces and
moments on a variety of body, body-wing,
and body-control configurations at ivach
numbers from 2.5 to 4.5 (Ref 1) in order
to support enhancements of semi-empirical
methods. These data have alsc been used
to carry out a limited assessment of CFD
methods, but measurements of surface
pressures and/or flowfield data are
required for more thorough validation of
such methods.

A short experiment has shown that reliable
pressure measurements can be obtained at
high Mach number using existing models and
equipment (Ref 2). Consequently a longer
and more comprehensive series of tests has
been planned. Fig 1 illustrates the three
phases of pressure measurements currently
being performed at Mach numbers from 0.7
to 4.5. The models have a very high den-
sity of pressure taps, the limit being set
by space within the various model com-
ponents rather than by the number of
pressures that can be connected to the
pressure switches at any one time. All
new model components are compatible with
model parts used in the data-base tests,
thereby allowing for possible future
extensions to the planned programme.

In addition, surveys of the external flow
using pitot and yawmeter probes are under
way, initially on the plain cylindrical
body. It is hoped that such studies will
be continued for some of the body/wing/
control combinations.

Most current CFD methods applied to miss-~
iles are based on the Buler equations.
Unfortunately the Buler solution for the
flow on the leeside ¢f a missile body at
incidences higher than about 6° is not
realistic, with flow separation and the
resulting body vortices not being
correctly modelled. Navier-Stokes methods
with appropriate turbulence models will
provide realistic predictions but with a
heavy cost in computing resources on
current machines. Until there are further
major increases in computer and
memory, Euler methods which incorporite an
empirical separation model could more
attractive.
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This paper gives a gsneral description of
the experimental work for measuring the
surface pressures, presents some of the
data, and describes the progress being
made at RAE towards the development of
empirical formulae for cross-flow separ-
ation locations on missile-type bodies.
Thege formulas are intended for use in
conjunction with a separation modesl incor-
porated within an Buler code, Initial
comparisons batween prediction and
measurement have allowed several conclu-
sions to be drawn relating to the extent
and shape of imposed flow separation
lines, and have shown the improvements in
predictions which can be obtained by
forcing flow separation.

2 EXPERIMENTAL PRESSURE MEASUREMENTS

2.1 Model, test equipment, and wind
Eunnel

The surface pressures on the cylindrical
body were measured using two rings of
pressure taps located at different axial
stations along an &-calibre long body

(Fig 2). A 3-calibre power-law sharp nose
(virtually identical with the profile of a
tangent ogive) wag fitted to the body by
means of various length extension pisces,
This had the effect of repositioning the
measurement stations relative to the nose
apex within the range 3.5 § X/D § 14.5 4in
l-calibre steps. Bach pressure-tap ring
consisted of 80 taps, individually spaced
4.5* apart in roll. 43 consecutive taps
of each ring (aligned with one another
along common body generators) ware con-
nected to the ports of two commercially

available 48-way pressure scanning
switches mounted within the model.

The surface pressures over the nose pro-
file were measured using a physically dif-
ferent nose built to the same geometry,
having pressure tap rings every 0.2 of a
calibre within the range 0.2 $ X/D S 4
from the nose apex, and at relative orien~-
tations of 45°. As for the body, the cir-
cumferential angle batween recorded
pressures was every 4.5°%, in this case
being achieved by rolling the model.

For both of these tests carborundum grit
was applied to the nose at 0.27 § X/D

£ 0.35 in order to promote boundarv-layer
transition.

The RAE 3ft x 4ft (0.914m x 1.219m)
continuously-running wind tunnel was used
for tests at freestream Mach numbers of
2.5, 3, 3.5, 4 and 4.5. Most of these
tests were performed at a constant Reynolds
number of 13.1 x 105/m (4 x 106/ft), and
at nominal model incidences from -2°

to 18°, in steps of 2°. Additional data
were recorded for some conditions at nomi-
nal model incidences up to 26°, though 19°
was taken to be the maximum incidence in
most ¢cases. At Mach numbers of 3 and 4.5
some data were taken at freestream
Reynolds gnmbers of 6.6 x 106/m and

19.7 x 105/m {2 x 109/ft and 6 x 106/ft),
both with and without the boundary-layer
trip applied.

The tests at Mach numbera of 0.7, 1.45 and
1.8 were performed in the RAE 8ft x 8ft,
{2.438m x 2.438m) continuously-running
wind tunnel at a freestream Reynolds

number of 6.6 x 106/m and nominal model
incidences from -2° to 22*, in steps of
2°.

2,2 Accuracy of the results

A discussion of the problems associated
with the measurement of the very low sur-
face pressures encountered at high Mach
number is presented in Ref 2. It is worth
noting that the pressure levels that
require to be measured can be as low as
1,7 mbar (0.05 inches of mercury absolute),
for a freestream Reynolds number of

of 6.6 x 106/m at Mach 4.5.

Fig 3 shows a comparison between values of
measured for the three freestream
Réynolds numbers of 6.6, 13.1 and
19.7 x 105/m at Mach 4.5, X/D = 4.5 and a
nominal model incidence of 19°., After the
preliminary tests described in Ref 2,
doubts had been voiced about whether the
lowest pressures recorded were genuine, or
just the lowest that the equipment could
handls. It is clear from the close crimi-
larity of the curves in Pig 3 that at the
lowest Reynolds number (and in particular
at the lowest pressure), the results are
consistent with those at the other two
Reynolds numbers.

Thus at the usual test Reynolds number of
13.1 x 108/m no agquipment limit appears to
have been reached.

2.3 Flow symmetry

With only 43 of the 80 pressure taps of
each body ring connected to the pressure

awitches, a complete 360° roll coverage of
the surface pressures around the body
requires data to be taken at two model
roll angles 180° apart. This would not be
necessary if flow symmetry across the
incidence plane could be assumed, with
substantial savings in both wind-tunnel
running time and costs. During the
earlier tests (Ref 2) some data were
recorded at model roll angles of -90°, 0°
and 90°, for X/D = 5.5, a model incidence
of 19, and at Mach numbers of 2.5, 3.5
and 4.5. The results are shown in Fig 4.
No obviocus asymmetry is apparent, the
small differences that appear between the
port and starbcard pressures are either
within the resolution of the test, or can
be explained by a smeall error in the
setting of the body zero roll angle. It
was therefore decided not to roll the body
during the present tests, and assume flow
symmetry. Likewise, flow symmetry was
essumed during the tests to measure the
nose pressures.

2.4 Bxgﬁrimental data comparisons at
Mach 3

Pig 5 shows comparisons between the
results of the Lresent test and those of
Ref 3 around bodies having virtually the
same geometry, a common Mach number of 3,
model incidences of 8¢, 12* and 16°, and
X/D values of 4.5 and 6.5. In genersl the
agreement is fairly reasonable. However,
the occasionally complex shape of the
curves as revealed by the present data can
not be appreciated from the sparseness of
the data from Ref 3, Use of these data
alone would increase the chances of
fortuitous agreement wjith theoretical
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predictions, and the correct modelling of
all the surface flow features could not be
verifisd. This highlights the danger of
using sparae experimental data to validate
a theorstical method.

2.5 Sample contour plots of Cp at
Mach 2.5 #nd 4.5

Mg 6 shows contour plots of Cp covering
the X/D range from 0.2 to 14.5 for half of
the body surface {circumfsrential angles
from windward to lesward), at incidences
of 12° and 16° at Mach 2.5, and 12° at
Mach ¢.5.

For Mach 2.5 and 12° of incidence, rom
windward at each X/D station on the
cylindrical body the pressure decreases to
a minimum followed by a pressure rise
causing flow separation. For X/D values
up to about @ re is & local high
pressure region around the most leeward
generator. Botween these two areas is a
second low pressure ragion. PFrom contour
plots at o incidences {(eg at 16°),
this low pressurs region is shown to move
forwards as the incidence increases,
having initially appeared at arcund 6° to
8* of incidence. It seems certain there-
fore that it is created by one of the pair
of vortices shed from the body. Possibly
a secondary separation occurs slightly to
windward of this second minimum value of

at some values of X/D. Similar pat-
terns have baen observed before, for
example on a conically pointed circular
cylinder at Mach 2.3 (Ref 4).

At Mach 4.5 there is no evidence of a

cross-flow shock assocciated with flow
separation, at either the 12°* of incidence
shown or at any other test incidence
angle. 1In genaral, tii uressures on the
body leeside remain fajirly constant at all
incidences, the body vortex having only a
minimal effect. This is confirmed from
Schlieren observations which show that
both leeside vortices appear to be weak,
diffuse, and further away from the body
than at lower Mach numbers.

An understanding of the complex nature of
the leeside flow requires more than just
surface presgure measurements, however
detailed. Ideally, surface oil-flow
pictures, coupled with boundary-laysr and
flow-field measurements are needed.
Currently, the RAE is undertaking pitot
probe and yawmeter surveys of the external
flow over the leeside of a body with the
same gsometry as used in these surface
pressure tests, at Mach numbers from 0.7
to 4.56. Some data hava beep acguired, and
are in the protess of being analysed.

The contour plots of FPig 6 show that the
length of body that is influenced by tne
nose dacreases as both incidence and Mach
number increass. Thus at high values of
X/D. {eg X/D > 13 at Mach 2.5, or X/D > 8
at Mach 4.5, both at.12* of incidence), a
contour pattern showing no apparent nose
effecta smerges, suggesting t this is
close to. the fiow.pattern that would be
sbaerved on an infinitely long cylinder.

3 PLON_SEPARACION

3.1 Location of flow separation from
measured pressures

Typical single station pressure distri-
butions were shown in Pig §. If cross-
flow separation occurs, it is associated
with the pressure rise immediately to
leeward of the pressure minimum, In some
cases flow separation is triggered by a
cross-flow shock, and flow separation can
be assumed to be located at the shock
position. In other cases (particularly at
high Mach number or at low incidence
angles) the pressure rise is more gentle
and the circumferential location of flow
separation is not obvious. various cri-
teria for obtaining separation locations
from measured preasure distributions have
been suggested (eg Ref 5), but the authors
know of none which can be applied con-
sistently over the ranges of Mach number
and incidence covered by the present
tests. Although the cross-flow separation
line would not coincide with the minimum
pressure line, it would be expected to
follow the same trends (Ref 6).

As the object of this exercise was to
investigate the effects of adding a semi-
empirical separation line option into an
Euler code, it was felt that absolute
accuracy in defining the location of flow
separation would not be as important as
consistency across the Mach numbsr and
incidence test ranges. As each of the
measured pressure distributions has 2 well
defined minimum, its position has there-
fore been taken as an indication of the

separation location.

Fig 7 shows values at in OF the cir-
cunferentisl angle, ¢y, for M = 3.5 and
various angles of incidence. Up to

X/D = 6.5 the spread of these data at each
station 1is only about #5°, ie relatively
independent of incidence when compared
with the data at X/D values greater than
6.5, The data for other Mach numbers show
the same trends, suggesting that the mini-
mum pressure line (and therefore the
corresponding separation line) can be
approximated by two discrete elements.

The forward element is part of a common
curve. When that curve reaches a par-
ticular value of ¢n, (dpe), which is
dependent on the angle of incidence, the
minimum Cp line (and presumably the
corresponx:lng separation line) continues
at a constant value. Thus the aft
elements are straight lines at constant
values of ¢.

The value ¢ne 18 achieved at a distance
sufficiently far along the body for the
nose to have no further effect, ie

is the minimum loceticn which would be
achieved on an infinitely long cylinder,
and thus should be dependent only on the
cross-flow Mach number, Msingé. Pig 8
shows a plot of ¢p at X/D = 14.5 against
Msine for all the Mach number and angle of
incidence combinations which exhibited
flow separation. Most of the points fall
within a band only 4° wide. For values of
¥ging < 0.5, the crossflow remains sub-
sonic, allowing the nose to influence the
flow over the entire body.

H
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4 COMPARISONS WITH PREDICTIONS
4.1 Predicticn method
4.1.1 %BUSB

The prsdiction method used for the calcu~
lations 1z ZEUSB, a UK development of the
NSWC space marching Buler code, ZEUS

(Ref 7). Extensions to IRUS incorporated
vithin 2RUSB include:

a) & parametric geometry input scheme
dcvglol,»d by British Aerospace
(Rt 8

b) the calculation of individual
control panel loads (RAR)

) the inclusion of a model of flow
separation from the bedy, orig-
mallx developed at the University
of Salford under RAE funding
(Ref 9).

The separation model was incorporated into
ZBUS for the half flowfield case (ie whers
flow symmetry is assumed) by NSWC and
extended to the full flowfield case by
RAE. -

All the present calculations used an
unclustered grid consisting of 72 cells
between the body and the bow shock, and
circumferential cing of 2.5°*. Thus
half flowfield calculations used a 72 x 72
grid, and full flowfield calculations a
72 x 144 grid.

4.1.2 Separation model

Although full details of the Salford
saparation model are available in Ref 9,
it is felt that a brief description here
of its implementation would be useful.
Within the ZBUSB code the size of the step
batween computing planes in the axial
direction is calculated from the flow
variables, and a two-dimeasional grid
constructed around the configuration at
the new axial location. The two cells
adjacent to the body surface and nearest
to the ed separation location ars
identified, and at all the remaining cells
the Buler solution is calculated. In the
two cells, pressure and density are
obtained by averaging neighbouring values
in the circumfarential direction and the
flow speed is obtained by using the con-
dition of constant total enthalpy. The
velocity nents in the two cells are
then obta using empirically defined
fiow directions. These flow directions
have radial c ents away from the body,
and circumferential components towards
each othe: in order to force separation.
Othcr flow variables can be derived and
the next axial step size is calculated.

4.2 isons for body alone
confign on

4.2.1 Surface pressures

In oxder to assess the ability of the
Buler codo 2RUSB to predict flow featurss
for the body alone configuration discussed
earlior, cuntours of calculated and
measured surface pressures have bsen com-
pared. Pig 6 showed ths experimental
measursments for Mach 2.5 and 12°* angle of

incidence, and Pig 9 the ZRUSB results
with no separation modelling. The
agresment is good on tie windward side of
the body and on the whole of the nose sec-
tion, but is poor on the leeward side of
the cylindrical section (X/D > 3). The
grediction shows the flow expanding beyond
he obssrved minimum pressureé line with
recompresazion through a strong crossflow
shock. There is no indication in the pre-
diction of flow separation from the body
or of a suction under a body vortex.

A 2BUSB calculation was performed with
separation forced along a line derived
from the experimental measurements (as
described in Section 3). The line con-
sisted of two straight-line slements, one
in the region 2 < X/D < 7 and the other
parallel to the body axis in the region
X/D > 7. The forward slement starts at
X/D = 2 sscause the measurements indicate
no flow separation ahead of this point.

The leeside prediction (Fig 10) shows a
large area of low pressure caused by the
high velocities under a body vortex.
Although this feature is spread over a
largor area than is observed in the
measurements, its presence provides a
significant improvement over the predic-
tion without separation modelling.

Another feature observed in Fig 10 is the
location of the minimum pressure line.
The forward element of the forced separ-
ation line (2 < X/D < 7) matches tne pre-
dicted minimum pressure line. However,
the aft element (X/D > 7) lies to the
leeward of the predicted minimum pressure

line. 1t appears that the forced separ-
ation model has behaved as required for
the forward element, but the slope discon-
tintity at X/D = 7 has caused a problem.
Having initiated the flow separation for
X/D < 7, the calculation has produced a
pressure minimum and a flow separation
along a continuation of the forward
element of the imposed separation line,
with a second separation being forced
along the aft elament of the imposed line.

A calculation was performed with separ-
ation forced along the forward element

(2 < X/D < 7) only anu this overcame the
above problem, producing surface pressures
in clossr agreement with experiment. A
calculation with separation forced along a
shortened version of the forward element
{3 < X/D < 6.5) provided further improved
results (Fig 11). By comparing Fig 11
with Pigs 6 and 10 it can be seen that the
predicted vortex suction is more loca-
lised, although its position does not
match that deduced from experiment very
well. The calculated minimum pressure
line beyond X/D = 6.5 is in good agreement
with experiment.

This prediction prohably gives the best
agreemant with experiment that could be
expected from an Puler method with a
simple forced flow separation model.

There are areas of the leeside flow where
the agreement is not good, but these can
be attributed to the lack of viscous terms
in the calculaticn. The separation
modelling has achieved its main objective
of modelling the gross effects nf the real
vortical flow.
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The imposed separabion line
{3 < X/D < 6.5) is in the region where

) separation location is relativelg
unaffected the incidence of the body.
It was thererore considered worthwhile
carrying out caiculations for the body
alone configuration at Mach 2.5 and a
range of incidences, using the same forced
ssparation line.

Fig 12 shows measured and calculated sur-
face pressure contours for the body alone
configuration at Machk 2.5 and 8* of inci-
dence. Although the guantitative
agresment could be botter, the observed
flow features have besn represented in the
prediction. 'The mininum pressure and the
vortex suction are both in approximately
the correct locastions. However, the
calculated minirum pressure is lower and
the vortex suction wec“er than observed
experimentally.

Fig 12 shows calculated surface pressure
contours for the body alone configuration
at Mach 2.5 and 16° of incidence. This
figure can be compared with Fig ¢ which
shows the corresponding experimertal
measurements. The predictions show a
localised vortex suction a 1little further
along the body than is seen in the
measurements. However, after the forcing
of flow ssparation ceases at X/D = 6.5,
the separation does not continue in the
same way as it did at 12* of incidence.
In contrast, the calculated leeside
flowfield at 16* of incidence quickly
reverts to that expected with no separ-
ation modelling, and features a strong
crossflow shock.

There is an explanation for the bahaviour
at 16°* of incidence. The value of Msine
for this case is 0.689, so that just
above the surface near ¢ = 90* the
crossflow is supersonic. Therefora the
forced flow separation in the region

3 < X/D < 6.5 cannot influence the calcu-
lated flow further along the body in the
region where flow separation is likely to
occur. Thus in the region X/D > 6.5, the
calculated flow near ¢ « 90* knows
nothing 5f the forced flow separation
further forward, and therefore behaves as
it would 1in a caiculation #ith no forced
separation.,

In contrast, at 8° of incidence the value
of N3in® is 0.348 =0 that the cross-flow
remains subsonic and the forced separ-
ation can trigger separation further
along th® body. Msiné « 0.5 corresponds
to the change in the nature of the flow
for an infinite cylinder.

For 8l) three incidence angles (8°,

12%, 16°) the forced separation has
introduced a body vortex into the half
flowfiald calculation and thus improved
the modelling of the vortical leeside
flow, at least qualitatively. at 16° of
incidence, the predicted leeside flow can
be further 1m§roved forcing separation
along the whole cylifidrical section of
t?;‘ia y, as showh in the lower half of
? X S

A general conclusion that can be drawn -
from the above discussion is that, having
initiated a flow separation in a calcu-
lation at some forward statioca, it is

-

only necessarg to force separation a%
stattons further aft if the local Mach
number normal to the sepuration line iz
greater than unity.

4.2.2 Forces

Measurad forces have been compared with
those predicted by ZEUSB both with and
without forced separation. In all calcu-
lations with forced separation, only the
shortened version of the forward element
of the separation line has been used.

Fig 14 shows calculated and measured
values of normal force coefficient, Cp,
for a range of incidences at Mach 2.5.

The results of the calculations without
forced separation are in good agreement
with the measurements at low angles of
incidence (6 < 6*) and at high angles of
incidence (6 > 14°). However, for inci-
dencas in the range 6° < 8 < 14°, the nor-
mal force predictions are significantly
below the measurements becsuse they do not
include a vortex suction contribution.
Although body vortices are still present
in the real flow at the higher angles of
incidence, their effect at the body sur-
face is felt over a relatively small area,
and so the vortex suction contribution to
normal force is reduced. Also, the
predicted leeside pressures, although not
in agreement with experiment, integrate
fortuitously to provide forces that are in
agreement with experiment.

With separation forced along the line
described above, there is a significant
improvement in the normal force predic-

tions for the rangs 6° < 8 < 14°, because
the body vortices and their suction at the
body surface are now being modelled. At
incidences above 14°*, as only the forward
element of the separation line is being
used, the modelling is incomplete. Also
the vortex suctlon may have slightly
overestimated.

Pig 15 shows the corresponding centre of
pressure positions. without separation
modelling the calculations are in poor
agreement with experiment for incidences
below :2°, but at higher angles the
agreement with experiment is good. With
forced separation, the vortex suction on
the cylindrical section of the body is
modelled, and as a result the centre of
prussure movas towards the base of the
body. A significant improvement in the
agreement between prediction and experi-
ment is seen for 6 < 12°. For higher
incidences, the extent of the calculated
vortex suction is overestimated and the
centre of pressure is moved too far afi.

4.3 Cemgarisans for body-control
“confiquration

Further calculations were made on a body-
control configuration to assess the
modelling of the interaction between body
vortices and undeflected control panels.
The configuration chHsen is shown in

Fig 16. In the expt ciment two opposite
control panels were instrumented with
strain-gauge balances. The measurements
of panel load against angle of incidence
with the instrumented controls at right
angles to the incidence plane are
displayed in Fig 17. Alsc shown in Fig 17
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are resuits of IBUSE calculations with and
without forced flow separation from the
body along the line describud above.

'The predictions without forced separation
are in good agreement with experiment up
to abcut 6°* of incidence. At higher inci-
dences the panel losds are overestimated.

with forced separation there is a signifi-
cant improvement in the agresment with
oxperiment at angles of incidence

below 16°*. At incidences up to 12° the
agreemont with experiment is good.

Pigs 18 and 15 show comparisong of calcu-~
lated loads with measurements for varicus
roll anglss at Mach 2.5 and 12° of inci-
dence. This is the incidence for which
the imposed separation line was tuned, so
it would be hoped that these calculations
should give reasonable agreement with
experiment.

Pig 18 shows the load on a control panel
as the configuration is rolled through
360° (the panel being in the leeward pos-
ition at zero roll). Whan the panel is
within 60* of the windward position
(120" < A < 240°), the ZEUSB calculations
(both with and without separation
modelling) produce panel loads in
excellent agreement with measurement.
:“gide this region the results of the
calculations with forced separation remain
in good agreement with experiment, while
those without separation are poor. 1In
particular, the calcu.ations without
forced separaticn have not predicted the
sign reversal seen in the measured panel

loade near the leewoard position. With
separation modelling, this featue is
predicted.

Fig 19 shows corresponding comparisons of
ovgrall rolling moment, ¢), & notoriously
difficult parameter to predict. Once
again, the results of the calculations
with separation modelling are in much
better agreement with experiment than
those without. The latter results do
not even show the correct trends.

5 CONCLUSIONS

The surface presgures on a cylindrical
body and tangent-ogive nose have been
measured for a Mach number range from 0.7
to 4.5, and at angles of incidence up to
26*. Data were recorded for circumferen-
tial angles around the model from 0° to
180° in 4.5° steps, and at ax{al stations
from 0.2 +0 14.5 calibres. fThis paper
shows that:

1 The pressure measurements are
of high accuracy, and the covezage is suf-
ficiently dense to show mapny fsatures
which would otherwise be misséd.

2- - The measuraments su t that
for gny given Mach rumber the flow separ-
ation dine can b;:ggroxmm by two
alements, the forward element being inde-

dent of incidencs, and. the .aft element
ndent of X/b. For values of
Msind %.0.5, the aft element fepresents
the flow separation line that would be
observed on an ivEinite cylinder.

- 7 . -

The flow separation model within the Euler
code 3BUSB has been provided with a
realistic geparation line derived from the
experimental measurements. Comparisons
have baen made between experimental data
for surface pressures, total loads and
control panel loads, and the computed
results using ZEUSB both with and without
geparation modelling. The following
conclusion has been reached.

3 Porcing flow separation within
an Buler code can improve predicted sur-
face pressures by introducing a vortical
flow into the solution. The prediction of
both overall and control panel loads can
also be significantly improved.

The separation lines discussed in the pre-
sent study have been associated with
cylindrical bodies having 3-calibre
tangent-ogive noses. However, the
following conclusion is generally applic-
akle to separation modelling in Euler
codes using cell-centred schemes.

4 Having initiated a flow separ-
ation in a calculation at some forward
station, it is only necessary to force
separation at stations further aft if the
local Mach number normal to the separation
line is greater than unity.

The results described here ars encouraging
and justify further work on empirical for-
mulae for separation lines which can be
usad within Euler codes. Ia particular,
further calculations are required to be
performed in order to fully verify
conclusion 4.
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1 SUMMARY

This paper describes finite difference
computations aimed at the prediction
of the viscous flow field around
projectiles and slender bodies at
transonic and low supersonic speeds.
Following a step by step validation
proceas to ensure reliability in the
computer program development, the code
is tested with an axi-symmetric body of
revolution at a free stream Mach number
of 1.4 and leggth based Reynolds number
of Rex=1.0%10". Results using Baldwin-
Lomax and Johnson-King turbulence
models are shown.

2 LIST OF SYMBOLS

ct Local skin friction Coefficient.
Cp Preasure coefficient.
E,F Flux vectors in § and
% directions.
H Axi-symmetric source ters.

L Reference length.

M Mach number.

Q Vector of conservative variables.

Rex Reynolds number based on reference
length L.

Reg Reynolds number based on momentum
thickneas @ .

8 Viscous & heat conduction vector,

T Temperature.

U,V Velocity in X and Y direction,.

X,¥Y Cartesian co-ordinate axes.

’

?

§ Boundary layer thickness.

& Displacemeni thickness.

3,7 Computational co-ordinate axes.
[:] Momentum thickness.

P Density.
Subscripts

w Wall condition.

@ Free stream value.
3 INTRODUCTION

A project to develop a computer code to
calculate the flow field around
projectiles at transonic and/or low
supersonic speed has been in progress
for nearly 3 years. The long term
objective of the project is to
calculate spinning projectiles at
incidence. In order to achieve this
objective, a structured sequence of
validation tests have been carried out.
They are:

* Inviscid code development and
validation against analytical
data,

¥ Laminar viscous code and validation
against classical boundary
layer theory.

* Introduction of simple turbulence
nodels and validation against
good and reiiable experiments.

The axi-symmetric compressible thin-
layer approximation of the Navier-
Stokes equations in conservation law
form in general curvilinear co-~
ordinates is:

2Q +E aF 1 38

— e e b H 2 e | e

3t 33 9% Ret 371

Tha equations &are solved by the Warming
and Beam (Ref. 1) explicit time
merching scheme. The wethod uses
central diffcrencing in the regions
where the eigenvalues of the Jacobian
are negative and upwind differencing in
the regions where the eigenvalues are
positive. This scheme captures shocks
more sharply than the MacCormeck method
which, in effect, uses central
differencing everywhere. The equat:ions
are transformed for use with a general
curvilinear co-ordinate system. In
order to damp high frequency
oscillations fourth order numerical
dissipation terms suggestsd by Warming
and Beam are added.

All the results presented here are
calculated with the far field boundary
sufficiently far away from the body to
allow the free stream condition to be
used at the boundary. When the far
boundary was taken close to the solid
body and the bow shock penetrated the
boundary, it caused a large error in
body surface pressure prediction, even
when a characteristic based boundary
condition was used.

The algebraic turbulence model due to
Baldwin and Lomax (Ref. 2) is one of
the most widely used turbulence models
for compressible flow computations
because of its simplicity. The model
has been applied for a variety of flows
including separated flows. However the
method incorporates no ’history
effects’ and may not be adequate for
regions of large pressure gradient,

Johnson and King (Ref. 3) introduced a
turbulence closure model which added
some ’history effects’ to the simple
algebraic eddy viscosity model. An
ordinary differential equation is
introduced to relatc the maximum
Reynolds shear stress development in
the streamwise direction to account for
convection and diffusion effects.

In this paper both models are applied
to a waisted body of revolut:ion, for
which. Winter et. al. (Ref. 4) bave mnade
a series of detailed measurements of
surface pressure, boundary layer
profiles and skin friction.

:
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Finally, we have used this project to

develop our computing ability on
personal computers, the bulk of the

r work being performed on a Compag

Degkpro 386/25 with a Weitek floating

point co-processor.

4 VALIDATION TEJTS

We have followed a step by step
validation process to ensure
reliability in the computer code
development. Inviscid validation tests
were conducted against analytical
solution of cones and cone-cylladers at
various cone angles and Mach numbers.

The basic laminar 2-D code has been
validated against the flat plate
boundary layer of Van Driest (Ref. §5)
with zero pressure gradient with and
without heat transfer. Initial tests
with various co-ordinate systems for
the adiabatic case showed that at the
very least 15 mesh points are needed to
predict velocity and temperature
profiles with reasonable accuracy at
the downstream end of the boundary
layer. Even more points may be
necessary for cases with heat transfer.
Figure 1 shows the co-ordinate systenm
used for the cold wall case where the
wall temperature is fixed at the free
strean value. This case is a much

- severer test than the adiabatic wall
case because of the larger temperature
variaticn across the boundary layer and
the reversal of the temperature
gradient near the wall. The free stream
Mach number is at Mw =4.0. There are 37
mesh points within the boundary layer
at the point close to the downstream
end. The arrow indicates the station
where the velocity and temperature
profiles are compared with theory. In
Figure 2 the dotted lines represent the
analytical solution of Van Driest. The
agreement between the results are very
good, and a similar accuracy was
achieved for the adiabatic wall case,

The first turbulent test was carried
out with the Baldwin-Lomax algebraic
turbulence model. A turbulent flat
Plate boundary layer with zero pressure
gradient, at a free stream Mach number
of 4.0, is calculated and compared with

+ 80 by 70 Mesh (Every 5 tines )

1.7 1.0
I % !
T. A
1.5 08
06
13} !
0.4} —e— Present
11 ===+ Van Driest
o0z}
09 T SR S ST | L e .y
0o 10 20 30 %0 10 20 30
Y/Lx103 ¥/Lx103

FIGLRE 2. Velocity and temperature
profiles of laminar flat plate
boundary-layer at Rex=5%10".

90 by 90 Mesh (Every 5 lines)
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‘ FIGURE 1. Co-ordinate system for
‘ ) laminar flat plate boundary-layer:
Cold wall case Mo 4.0, TwsTy .
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FIGURE 3. Co-ordinate system for
turbulent flat plate boundary layer
with zero pressure gradient: Adiabatic
wall case Mo =4.0, To =310° K.
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FIGURE 4. Velocity profiles of
turbulent flat plate boundary layer at
Reg =14700: Adiabatic case Mo =4.0
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the experiments of Maybey et. al. (Ref.
8). They measured profiles at &
streamvise stations and paid a great
desl of attention for achieving near
adiabstic conditions. The experimental
profiles are also given in great detail
e.g. 50 points in a profile. The co-
ordinate system used computationally is
shown in Figure 3 and the arrow
indicates the point where the
comparison is made. Although the
calculated tum thick is
approximately 20% larger than the
experiments at a given X-station, the
growth rates of the boundary layer are
very similur. This discrepancy may be
caused by a difference in transition
position. The velocity profile
comparisons, therefore, are made at
momentum thickness based Reynolds
numbar rather thsn length baased
Reynolds number Rex, The profile at Regy
214700 (Rex=2.29%10') ia shown in
Figure 4. The crosses represent the
measured profile which agrees very well
with the calculated profile. The skin
friction prediction also agrees well
with the experiments.

5 WAISTED BODX OF REVOLUTION

We now extend the validation tests to
the boundary-layer with pressure
gradient. There are several choices of
experimental data for such a purpose.
However the test flow should be
attached, because at this stage the
validation should be carried out
without the added complication of
separation. The flow should be at a
moderate Mach number, because the
ultimate purpose of the project is to
predict the flow field around
projectiles at transocnic speed, not at
subsonic or high supersonic speed. And
preferably the flow field should be
axi~symmetric since it represents
projectiles and also a two dimensional
planar flow field is likely to be more
difficult to create accurately in an
experiment.

Winter, Rotts and Smith (Ref. 4)
carried out definitive experiments to

re the b dary~-layers on an axi-
syametric wasisted body which is ahown
in Figure 5. The body is 1524mm long.
The ronical nose has a half angle of 20
degrees. This is followed by a shape
defined by a quartic curve which joins
the cubic giving approximately constant
convergence, A mirror image of thia
cubic provides the final flare and a
quartic fairing curve joins the
converging and diverging region. The
flow ‘s attached and rements at
various Magh numbers snd Reynolds
numbers were carried out. The case
chosen for the present validation test
is with the free stream Mach number at
Ma =1.4 and the lengtb baged Reynolds
nusber of Rex=1.01%10°.

At first, only the cone part up to
X/1L=0.11 is calculated usiag the
Baldiin>Lomax model. The turbulence
model was switched on at the same
location as the transition trip in the
exgeriments (X/Eu0.085), The grid used
for thix part has 90 points in the X
direction (X/L=0 to 0.11) and 80 points

X/L= 010 & 7 0 b}

Trip 1 1 1

Stations of vetocily profile
measurements

FIGURE 5. Geometry of Waisted body of
Winter et. al.

140 x 80
Mesh

(Every
5 lines)

FIGURE 6. Co-ordinate system for
Waisted body of Winter et. al. at7
Mo =1.4, Tw 2290°K and Rex=1.01%10

in the Y direction. The result at
X/L=0.1 is then used as a starting
condition to calculate the downstream
part of the body using both the
Baldwin-Lomax model (BLM) and the
Johnson-King model (JKM).

The co~ordinate system used for the
afterbody calculation has 140 points in
the X direction and 80 in the Y
direction as seen in Figure 6., The grid
is generated to distribute at least 35
mesh points within the boundary layer
at around X/L=0.5. We consider this to
be the number needed to calculate
turbulent boundary layers with
reasonable accuracy. The present grid
has 44 points within the boundary
layer. The results with a mesh which
has 120 by 70 points are compared with
the present results. This grid has 38
points within the boundary layer at the
same streamwise location. Both results
are almost identical and this suggests
that the number of mesh points seems to
be adequate and the results are more-~
or-less mesh independent. Approximately
25000 time steps are reguired to obtain
a converged solution.

2l alite
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Figure 7 shows the computed surface
pressure, compared with experiments,
for BLM, JKM and an inviscid
calculation. The results of the BLM and
JXM are almost identical and they fall
on a single line, The dotted line
represents the inviscid results which
is very close to the viscous results,
Agreement with experiment is slso very
good, providing a further validation of
the inviscid part of the code and also
ensuring that the pressure field is
correctly modelled for the viscous
calculation. The results show a region
of major favourable pressure gradient
from the nose to X/L=0.4, followed by
adverse pressure gradient. The close
agreesment between the viacous and
inviscid results suggests that the
boundary layer displacement thickness
is relatively small and hence the
viscous effect on the pressure is
sxall.

The momentum thickness developments
along the body are shown in Figure 8.
The solid and dotted lines represent
the BLM and JKM results respectively
snd the crosses represent the
experiments. All the following figures
are also presented in the same weay.
Figure 9 shows the displacemant
thickness developsent along the body.
Both figures 8 and 9 show the
discrepancy between BLM and JKNM is
rather small, and in general, the
agreement between the calculated
results and the experiment is
reasonably good.

The skin friction cosfficient is
probably the most difficult boundary
layer parameter to calculate and to
measure with reasonable accuracy. It is
evaluated from the velocity gradient at
the wall using the velocity value at
the first mesh point from the wall; a
higher order interpolation would change
predicted values by up to +15X. Figure
10 shows the skin friction, The dashed
line represents the skin friction of
the forebody. The two dots at X/L=0.056
and 0.1 are the calculated values from
the 1/7 power law oh a cone as quoted
by Winter et, al. Both BLM and JKM give

as —— YISCOUS
o —-—~-- INVISCID
! >
P a3l MEASURED

o]

[}

-0t

-02

03|

s %
X/L

FIGURE 7. Surface pressure compsrison

between BLM, JKM & inviscid
calculations and experiment.

— — BLM
=== JKM
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o

FIGUPE 8. Momentum thickness
comparison between BLM, JKM and
experiment.

FIGURE 9. Displacement thickness
comparison between BLM, JKM and

experiment.
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FIGURE 10, Skin friction coefficient
comparison between BLM, JEKM and
experiment.
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results which are much lower than the 10
experiments in the conical nose region, u
The experiments also show larger Us
variatinn in the skin frictien, o8
generally. The BLM of the two methods
gives the better reproduction of the
trends.

X/L=0.55

Figure 11 shows the velocity profiles
at various X stations. The calculated
and measured velocity profiles agree o4
reasonably well at X/L=0.4 where the

pressure gradient reverses from

favourable to adverse. At X/L=0.476 azf-
which is the beginning of the adverse
pressure gradient, the agreement
between the calculations and the
experiment is atill reasonable.
However, for the further downstream
stations at X/L=0.55 and 0.7 the
discrepancies between the calculated
and the measured profiles are large.
The computed profiles appear to be more
sengitive to the pressure gradient than
are the experimental ones, perhaps
indicating an overestimate of the
Reynolds stresses by both turbulence
models. The calculated profiles at
X/L=0.833 which are in the second
favourable pressure region again agree
reasonably well. However, at the last
station at X/L=z0.983 the disagreement
among the profiles are large although
this is also close to the model
trailing edge. The discrepancy between
the two aodels, the BLM and JKM, are
relatively small wher. compared with the
discrepancy with the calculated and the
measured results.

7
u
Um
o8}/
)
X/L=0.4 X/L= 0,833
a8
L o 0}
a2} 02
I i ——d 1 A 4 J
Q008 ) 0004 0008 0012 .
amz y/L Y/L o
-- 10,
U
Un
a8

X/L=0.475 X/L=0,983
1 A : . " L )
%ﬁ» G004 ane an2 ome ﬂhﬂ Q00+ [ ] am2 aote
Y/L Y/t

FIGURE 11. Velocity profile comparison between BLM, JKM and
experiment. (For notation see FIGURE 8.)
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It is atil) too early in the study to
give definite comments on the JKM
calculations and is not clear yet why
the history effect included in the JENM
does not give a better representation
than the simpler BLN. A further study
should be carried out with
progressively severer pressure
gradient, but it may be very difficult
to find suitable experimentsl cases.

6_CONCLUDING REMARKS

A computer code to calculate laminar
and turbulent flows around projectile
shaped body has been developed. The
code underwent rigorous step by step
validation stages. All of the
validation tests against analytical
results have given confidence with the
code. However, it became more difficult
to validate turbulent flows, especially
with pressure gradient, because of the
difficulties in finding appropriate and
reliable experimental cases. The code
has been tested with the waisted body
of Winter et., al. This body seems to be
ideal for testing the code and its
turbulence models in non-separated
flows. In the present study both
Baldwin-Lomax and Johnson-King
turbulence models are used. Both models
produced very similar results, and are
in reasonable agreement with the
experiments, although we consider that
extensive validations are still
required for flows with pressure
gradient.
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ABSTRACT

The space-marching Euler solver, ZEUS, is coupled with a separation model to predict the fully three-dimensioral separated
flows for supersomc tactical missiles, ZEUS i a multiple zone, gridding technique and a second-order extension of
Godunov's method. The separation model assumes a vortex sheet leaves the surface at the experimentally observed separation

point. Computations are performed on missilex which have bodies of circular and elliptic cruss sections at incidences high enough
to exhibit boundary g:sepmnon Results show that the scparation model was most effective i i ing predictions on
missiles with circular bodies at Mavh nwnbers below 3.5; but, at higher Mach nunbers, predicted k are not significantly

affected. Qualitatively, calculated and measured flow field structures exkibit improved agreement which increases (he accuracy
of the predicted body and fin loads, however, quantitative flow field differences remain. For elliptic vodies, inviscid solutions

are in close agreement with measured sutface

pressures except near the shoulder where calculations display a crossflow shock.

Inclusicos of the separation model diminishes the strength of the inviscid crossilow shock in the vicinity of the shoulder but

has little influence on the missile loads.

- « difference limiter [Egs. (3)]
ot ¢ oty s sl et ki
At of coapol iog i i ; i
:‘: plunv ) sdge lying in the barde axial and crossflow plane angies defining
d dismeter tv?iem‘lvmrdo!‘tl:ielsq)am‘mupoim(l-xlg. 2)
Cy itching moment coefficient, :
c fﬁ'mwlq@m p deasity ;
' normat .
{normat force/ge$) Snbscxzpu cell 4
Cx fin force ent n,m, center (Fig. 4) .
c T o msl m’f 1,2,3,4 can;}-dpmcl!.n.xmberasdeﬁnedmﬁg. 10
c _""t”"‘.
’ "(p“*“_ s )“m,h cieat, L INTRODUCTION
CY mm % ) . . s . .
- : The inviscia shock layer for tactical missiles in supersonic
A (side foree/guS) fight can be agmoximm%erl)y numerically s:ohrinl;;l the Euler
flux vector [Bgs. (1] equations. This approach does not d-pend on an extensive
Hy -stagration enthalpy data-base such as semi-empirical methods and other waditional
I reference length predictive methods. Solutions to the Euler equations provide
oo fiee sweam Mach sumber e e gt g A i
ﬁ_:(n,,n,,n,) vector normal to the celf edge [Egs. (1)) eqqm‘muebmsolvednsingawwmmhm’s
1A ~ crll edge area Under these conditions, tho equations are hyperbolic, and
4 pressure the missile’s flow ficld can be determined from known flow
Yoo froe strean dynwuic pressure mua&m&m:fmhphnpgw&cmn?seﬁpylﬁchis
- “and § marched down the length of the missile. Euler's equations can
Be %WMW& convect vorticity and detetmioe the circulation generated by
S - fereroe area ; slmcks;bnquhuvpgmshcd&ngﬁom
s ' wall cell immediately windward of the the surface of smooth bodies, must be empirigally modeled.
flow separation poiat (Fig. 2) :melpsredicmnofmmqmmdﬂwfo&mmmof
? ) flux veetor [Bgs. (1)) missiles, exert & si andnon—l:;urmﬂucme
, 0, Cantesian velocity components on missile are generated by sharp lifting
(&0,7) Carteyian coordinates wil  alosg the  sarfaces and from body boundary layer sepanati
missile axis ainu@ncealmﬂnvmme%mlasﬁﬂumenu&ba
a aigle of anack (degress) vortices present, 38 shows in - The penaltics
Burle axial and crosstiow ple angles defining eSO KRTaCe Tor iwle Siapes e peor oo and
the "+ 8 moment o ouler d remedy
mdh:‘m ,imﬂiwy,.. g 2 this 0 y boundary ‘y«monmbesmn!wd
o mmﬁ#“? Ee 3 Vartex shedding from smooth bodies in inviscid flows has
] direction angle been studied for many.years, Smith!? developed a in
¥ ratio of specific heats which vortex sheets ate shed into otherwise i flow;
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LOW INCIDENCF,

Figure 1. Vortex structures 1n a tactical missile flow field
ar different incidences.

however, this model was restricted to conical flow. The discrete
vortex method of Mendeahall® predicted both symmetric and
asymmetric vortex shedding from bodies at incidence. Fiddes*
mapmamsm:m&lmmwﬂowbymgskuder
body theory for the ircotational flow and fitting the complex
spiraling vortex sheets with point vortices.

In addition to potentisi modeling has
mmmmmmmw lmg
anodekmmﬂybasdonthemmnpumm
a slip surface leaves the body along the separation line. The
velocity normal to this surface is zero, and across this surface,
the pressure is continuous but other variables may not be. Also,
the separation line is prescribed empiricaily.

One method of implementing this type of separation model,
mggemdby!ﬂopfermdmclm’fmmmtombodtes,
does not try to capture property jumps across the slip surface.

Here, the pressure and density at the separation t are
i ined by b . "

model coupled time-dependent
mﬂ have applied this to bodies of revolution, In this
mm&cvmmhsmedmmwmmax

components are at each of the
mwkbymbhgamﬁm&masﬂmmnﬁg
2, and imposing the coastant wtal enthalpy condition. Amy
ﬁmhwﬁemkvmsheﬁungﬂmdhyﬁn
mmmmf«m
mo& wiﬂnheEnleteqmuons p:f’-ﬁ«}lmmmd!

o

fow on conj !gzﬁesumpenuﬁcspeeds.
apmﬁe vdoéity jumpmn;hesﬁp

sopftration surface,- Atdnimide
vddwyisﬂmﬁub.mxmaﬂpmx;m'phmnw

»l

At s s i e

Figure 2. l-‘k;:d angle parameters in 3-D forced separation
m

along the surface leeward of the separation point. Both
and secondary separation are modeled. prmary

Another approach to scparation modeling is the clipping
technique of Baltakis et. al.!! Here, scparation is allowed to
occur in conformance with the leeside circulation level. This
circulation 18 introduced by himiting (ie. setung an upper
bound) the crossflow velocity near the surface.

The separation models described above produce a quali-
uuvclyom&v;ctmofﬂnﬂwﬁeldfmmummdml&
However, separation models to quantitatively

demonmted

dcﬁnetheﬂowﬁaklmmmwbe
In the present study, the model of Kwong and
Myring (Ref. 8) is into the space-marching Euler

solver, ZEUS. ‘2‘“ ZEUS is applied to various tactical missile
surhoe pressres and oy, Sekl profies. Compuianons
pressures w Computations are

performed on missiles which have bodies of circular or clliptic
cross sections at incidences high enough to exhibit boundary
layer separation. Results are compared with measured surface
premc,ﬂuwﬁeldpmﬁlcs and force and moment data, as
well as some of the previous work of Refs. 8-11. A brief
description of the ZEUS computational algorithm is provided
in Sec. 1I, and an outling of the forced crossflow scparation
model is given in Sec. I Sec. IV discusses results while Sec.
V outlines conclusions drawn from this study.

IL COMPUTATIONAL PROCEDURE

The ZEUS code combines & multiple zono gridding
technique with a second order extension of Godunov's method,
an upwind scheme based on the Riemann lem for steady
supersounic flow. It is cast in control volume form and
consists of a predictor and corrector step. The predictor step
advamthc variables using Eulet’s equations in non-

Detivatives are computed using a limited
dﬁm The corrector step modifies
Godunov's assuming linear property variations
wnhmuchcomrolvolmne.'rhmpmgnmmdevmdofexplmt
artificial viscosity and is robus:

Some details of ZEUS are given below with a more

elabmnductipnmfmmdm&fs. 13 and 14.

A. ZONESTRUC!’URE
The ZEUS program uses a multiple 2one structure which
ﬁmewotkm

provides a convenient from which to compute
sbapcshavmgslmpedgedﬁn& The crossflow plane is
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divided into several quadrilateral zones, and a simple, separate
transfocmation is applied 1o cach. Zone boundaries are taken

The the slip line is the one producing
same pressure in streams. If the two streams
the problem have similar propestics, a closed form

Riemann
linear solution can be obtained. Alternatively, an approximate
Riemann problem!” can be constructed which has a closed
form solution.

Fy 3. The supersonic Ricmann problem consists of two
B mtersecting supersonic streams, Ry and R_.

Y

EN

Figure 4. - Control volume nomenclature.
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Using the notation of Fig. 4, mass and momentun
conservation through a volume can be expressed as:

[7:‘:‘! = 0:'"' - ‘H"" + Fu—*.m - F.',M,* + Fu,m—* (ll)

where:

pw?
D= dhm | o0 7P 1)

oV

pwV +n.p

puV 4 nep

pV +nyp »idm

F n+§,m = (lc)

V= ﬁ.,,.%'m o (u,v, w)n+§,m (s

Here, U is the flux in the z-direction which passes through the

shaded cell ends while the F’s are the fluxes associated with

the remaining cell edges. Equations (1) are closed using the
[

constant nthalpy condition and the perfect-gas equation
state that yield the constraint
_2_1 Yoo, 4. 2
Ho-p(7_1)+2(u +vf +w?) @

TheZEUScodcinxegmesEnler‘seqmﬁm:min?nnmnd
erder Godunov method. Godunov’s original methcdi® is first
order accurate and cast in a control volurye form.
Properties within each u;nammedmmundﬂm
F ing in Eq. (1)] at are calculued asing
e b probn, oees

Godunov’s method is extended to second order by adding a

predictor step to determine ies at 2% + Az/2 and lineardly
empolati:g?thue to the cell edge.

slopes for both the and the linesr exi are
computed using limited differeaces which s

Bf_ 0 if <0
5{“{@ if 6120} Ga)

where:
c = (fu-l-l,m - fu,m) (fu,m - fn—l,m) (3'))

lfu—l m ™ fu-! 'n'
Untlm ~ In-imi

- aygn (fﬁlﬂ - fl!m) .
a= A¢ ™Y A {fatr,m ~ faml
' |fuim = Fam1ml

(o)

Here, f is some dependent variable differentiated with respect
to some independent variable £ and 1 S &’ < 2.

slopes ‘o zero ~ scheme collapses to order
Godunov method.
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C. BOUNDARY CONDITIONS

ZEUS is based on s finitee volume formulation. Therefors,
id points do not lie on the boundary, but rather the cells
adjacent to the wall have an edge lying along the boundary
slong cell edges adjacent to the wall are computed
mmhﬂngﬁedkmd_mﬁumﬂwmﬂuﬁngdwwﬂ
normal to the wall, edge propertics do not satisfy
tangent flow boundary conditions and must be turned using
ither an ue shock or Prandtl-Meyer expansion to satisfy
the wail conditions. The flow is tangent to the wall,
and oaly the post-turn pressure influences the flux at the edge
lying oa the wall
The outer zone

HEI

required by the ZEUS code. However, parameters do
occur in the differancs limiters. In the , «' of Egs. (3)
is set to 0 at cells next to fin surfaces, 1 at inserior cells and 2
at boundary cells in smooth flow regions. These values of «'
do not require adjustment from one problem to the next.

HIL CROSSFLOW SEPARATION MODELING

ZEUS 10 model boundary layer scparation for bodies

gfxmdm;h :ﬂtnlla:epregndedu vmsht:tembeddedin
'Y

minvisddgw.mlhismoddiswnmdbmdon

the following physical conditions for a vortex sheet:

1. 2ero velociiy component nommat to the sheet
2. continuous pressure across the sheet
3. constant total enthaipy for steady flow
4. a jomp in tangential velocity across the sheet
In the crossflow the jon model is applied to
mm&ho;&mgﬁmw:em vely windward
leeward separation point, respectively, as shown in
%zmmmmnm@dwmgmmm
at the expesimentally separation g between
cells s and s + 1. A velocity jump is imposed acrogs the vortex
sheet with mean vatues of the fluid properties computed at the
two cells in the following manner:
1
F, =5 (F1+Fy) (4a)
Foa=5(R+F5,) (ab)

IV. COMPUTED RESULTS AND DISCUSSION

‘The ZEUS with the separation model of
M&mueﬁm’m’w?m mmmmm
and with lifing surfaces. Results were achieved using

1
i

i

& marching step size of 90% of the CFL limit. In some cases,
mesh effects were compared by halfing and doubling the mesh
size. Computations featuring canards of & tail were run using
multiple zones; otherwise, a one zone model was employed.
The streamline angles, d., e, B2, B were taken as 20°, 20°,
20° and 5°, respectively.

A. BODIES ALONE

Experiment and computations for a tangent-ogive/cylinder
body!? with a nose fineness ratio of 4 and a length of 7 calibers
are shown in Figs. 5-7 for M, = 3.5, 40 at a = 10°, 15°
The measured flow field and surface pressure distributions at
My =35 and a = 10° are illus in 5. A crossflow
shock is located on the keeside of the body fo by a vortex

ich is arily the product of boundary sgmnm
TMIWWM&WM&E&”A, and C.

B

—A a®
rxm&am 5°
10°
X
15°
i {
A B (o)
0. .
180, 90. 0.

¢
Figure 5.  Measured!? crossflow planc isobars and velocity
directions on the leeside of a tangent-ogive/
cylinder for My, = 3.5, « 110" and 2/d = 6.5.
surface istribution are also
shown at various ineidences,

L e R =
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compating both figures, it is evident that the ris¢ in surface
%mmnmnmm&mm
shock. Separation occurs downstream of the crossfow shock,
and beneath the vostex at point C, a suction peak forms. This
suction péak diminishes as the vortex fifts ﬂsm
increasing incidence or distance down the body, as

by the a = 15° curve. By contrast, the ealc inviscid

flow feld at o = 15°, overlaid on the experimental dats as

leeward dominated by a Iarge vortex which brings
the flow field structure into tive agreement
with éxperiment. However, ve diff remain,
The computed vortex is miss- and the crossflow shock,
i is missing from the computed flow
field. Com surface which are also shown in

x 72 mesh) and
measured!® crossflow plane isobars on the
tangent-ogive/cylinder of Fig. 5 at My, = 3.5,
a =15° and 2/d = 6.5,

o=15° . M=35, z2/d=6.5

25

IR ARARE LA BARRE RARRS RRRRF

Regadale DATA, a~10° —
Ragsdale DATA a=1%" A
TEUS w/sep a=10"
ZEUS w/3ep a=15*
ZEUS a=10*

REXER

2EUS a=15" —
scparauon pomt 3 .
]
3
0 0 it ) l{ 1414 l hd L1 I il 1 } i 1 l‘
0 30 60 g0 120 150 180
¢
a=15° M=40, z/d=65
2 5 Ty LB Tr T T TrTrr T U1 T T rrr
\} \ BaaRS 1 3

Ragsdale DATA @ 1G*

.
x

®  IEUS w/sep av i0°
£ e

2EUS xe 10"

lrxx||1l||l;:|l

s Ly ] P —

| o ]

/ 4 10 -

, 05 =

\ / 00 A P P

\ o 0 30 60 90 120 150 180
/7 (4

- Figare 7. Cotitpused (ZEUS w/separation model, 72 x 72 mesh) and measured!® crossflow plane isobars on the
S ogive/cylindes of Fig. 5 at M,,, = 3.5 and 4.0, o = 15° and 2/d = 6.5. Computed and measured
<o prossure disttibutions are also compared for o = 10° and 15°.
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flow over a tangent
0 with a nose fineness ratio of 3 and 2

ogive/cylinder
length of 14.5 calibers was com

for Mo, =258ta=
12°, 16° and My = 45 a1 @ = 12° The separation line
estimated from the experimental surface

was  display a vortex

Hodges ? Sig. 8 illustrates surfece distributions at

by Hod i v distribution
mamnmumforup:uqu IG.Scpmwdmulmri ueon

are compared
Ref. 8, As cxpected for all cases, the inviacid results agree
well with i on the windside of the body; however, as
the flow atound the leeside of the body, the pressure
decreases below measurement, and a crossflow shock occurs.
With the separation model added, ZBUS | typically
emulate the viscous results in the vicinity of the scparation
r 14 5D "
< ]
3.0D
015t‘lll|xrrlrrvvl'|ll

M=25 a=168" o0-0 38x36
o8 72 x7

t/d=55 14
005 2 R,
. 4 3
c, 000 T Rel 8 (36 x 361
-0 05k
-010
~0.15
reverse
-020 wSrossflow
B | SUUEPEIE RS R BN
0 50 100 150
¢
015 prvrr—r—yTr1r— T T
I ] T
0105 M=25 a=16" oo 35 x 36 ~3

- oo 72272
z/d=85 oo 144 x 144

~— Inviscid

+ + Ref 20 DATA 4
-~ Ref 8 (36 x 36)3

[

—OZOE- separation pom:' reverse crossflow —]
-025 PP SIS S oS
0 50 100 150

¢
015

IlTV"YTII’TII!‘!]!TVI
M=25 a=16" oo 36x38

2/d=145 o 144 % 144
+ + Ref 20 DATA
- Invisaid

vl dends

-010

-0 15 I

-020 separabon pok

L SN I T
0 50 ¢ 100 50

Figure 8.  Surface pressure distribution for a three caliber

ivefeylinder for M, = 2.5, a = 16° and

tangent-ogi

yd = 5.5, 8.5, 14.5. Results compare ZEUS with
scparation suodel, iaviscid ZEUS, inviscid Ealer®
and measurement.?® Windward plane is ¢ = 0°.

point. Lecward of the separation point, in the region under
the majn voriex, however, the pressures are somewhat under-
predicted. At 2/d = 8.5, computations with scparation modeled
trapped near the surface and a reverse crossfiow
shock under the vortex as indicated by the arrow. The predicted
vorex is too strong, as indicated by the large dip in the pressure
i i the reverse crossflow shock, which is not
perimentally. Downstream at 2/d = 14.5, however,
this discrepancy subsides as the vortex lifts away from the
9 mT?ml A mmmmo&&mmm.
a stations nsing computed i primary
vortex and the reverse crossflow shock locations are marked. A
mesh dependency is seen in the keeside flow field using ZEUS.
Similar results are observed for M, = 2.5, 45 at o = 12°
which are not shown here.

2/d=5.5
(M2X72) ! (144 X 144)

{

2/d=8.5
(36 X 36) (72X 72) (144 X 144)
-
7/d=14.5
(144 X 144)

(36 X 36) M2X7)

X

.. PRENNY vortex

Figure 9. Computed pressure comtours for the configuration
of Fig. 8 forM,, = 2.5 and o = 16° using
ZEUS w/separation model. Computations arc
for a (36 x 36), (72 x 72) and (144 x 144) mesh
at 2d =55, 8.5 and 14.5. Note the primary
vortex and reverse crossflow shock.
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Figure 10. Monoplane elliptic missile configuration.?!

Computations were performed on a model® with a 2:1
elliptic cross section, as shown in Fig. 10, Here, the separation
linewaswﬁmawdhomthcmeasmadsurfacepmsm
distribution. Fig. 11 illustrates the surface pressure distribution
at three axial stations at M, = 2.5 and & = 20°. Computed
results, with and without the separation model, are com:
with experimental data,! separated Euler calculations!® and
Navier-Stokes results. ¥ Windward of the separation point ( ¢ =
90°), all mﬂmdsmnrt: in go_gg’m Wca?ceul;:ng; 2: shoulder, both
experiment and avier- ‘ ture scparation.
This is absent for the inviscid calculuz;ﬁon av::ut;ic:h
CXPEniences a pressure over-expansior at the shoulder a
leeside crossflow shock. Improvements in the leeside pressure
distubution near the shoulder are observed when i
modeling is included. Furthermore, the separated ZEUS results
are in reasonable agreement with the ted solutions of Ref.
10 in predicting the leeside mmm At stations z/L
=.6 and .95, measured results and the Navier-Stokes solution

05;1!ll]'v'tlnlirITYTwl|l|v=|lr‘l£
04F z/L=13 P
03— — Itaviacid 2eus -3
E -~ Separated ZEUS 1
02— --- Separated Euier'* 3
- == Navier-Stokes®
Cp 01— o© Sepsrimental Data® —
00f- =
01f= ]
—02E- : “39/e—stparation pomnt 3
cogbenbe il ]
05”...y”...,..x.“u.,r
AR ARARE MRS ERARE SARAY ARRAE
0'45— /l=8 e
03 ~ iaviscia zous =
E - Swpenated 2zus ® 3
0.2 = - Separated puier® -3
E == Mavier-Rokea® 3
Cp 01 = ©  Sxperimentat Date® —
00;‘ reverse 3
-0.1§ W\o .?J
-0z b B ensepartion point
~E - =
_03:._1_1.;1‘AA:J‘.;;.]1:1;];:.1’1.:13
05'.,..1.......H.....:‘.m—
I ] ] I I 3
04 /L= 55 3
03 —— laviscad 26Us —f
—~ Separsted IEUS E
02 -=- Separatad Euler'® —
L ~= Nevier—Stokes™ 3
CPOIE— ©  Expecimental Data® /’&—v_—'
00 fevorse 3
01; crossfiow ghock 3
_025_ X “w~separation poing §
R : 3
—oa,w,wlljllillil‘lllA

£ 30 680 90 120 150 180

. . N ¢
Figure 11. Computed and measured Cp vs. ¢ for the body
alone configurauon of Fig. 10 a1 My =25,
o =20 and 2/ = .3, .6, 95. Calculations are
for ZEUS with and withour separation, Euler
with separation!® and Navier-Stokes 2¢

A a7 e, bt s = ot e e e e e
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exhibit leeside separation. On the other hand, for the Euler
solutions, a sharp shock occurs at the primary separation point
while a supersonic reverse crossflow shock appears beneath the
vortex. A dip in the pressure distnbution is observed behind
the reverse crossflow shiock which is similar to the results for
the circular bodies. This suction peak indicates a predicted
vortex which is to close to the surface. Scparation modeling
reduces the magnitude of the shock at the separanon point, but
the leeside vortex location is unaffected. Computed crossflow
isobars and velocity vectors are illustrated in ig. 12 for My,
=25, a = 20° and %L = .95. Separation modeling only affects
the solution ncar the primary separation point.

INVISCID SEPARATED

U e
“ ) A

)
p

" L 7
VELOCITY VECTORS
Figure 12. Computed pressure coniours and velocity vectors

for the body alone configuration of Fig. 10 at
My = 2.5, a = 20° and /L = .95. Calculations
are for ZEUS with and without separation
modeling.

B. FINNED BODIES

The missile shown in Fig. 13 was computed at Mo,
=25 and 3.5, a < AP and ¢ = 0°. The missile is characterized
byawmhbermgmogivcnose,a3.7caliberforebody
andcrmifomcam:dsinlimwithauncifmmtailSoluﬂons
wmcalcuhtedusingscpanﬁonlinuesﬁmamdax¢=90’
and 270°, These ion fines began behind the canards and
terminated just ahcad of the tail. The rolling moment and side
faucunpnis:onsmillumwdinﬁg. 13 with canards 2 and
4 asymmetrically deflected 5°. Comparisi i

oompmdbogyvmﬁm.mmvmidsolmimgemmsmh
vomce§byvn_tueofcmssﬂowshocksinsmdofbmmdm-yhyer
separation hamoqumgthevxsoous" bv‘:;se.Bymodelingzhe

mechanism for generating yvmices,i.eusing
a yboqndarylayersepamﬁonmodel.immvedaccm'acym
C,andC,xgnchic_ved,asshowninﬁg.13forMm=2.5.At
Mm=35.mclumnofthesepanﬁpnmodelhaslinlgcﬂ‘ect

model. Inclusion
dmmmmmuﬁmdmmmvm.
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Figure 13. Cam&ned and measured C) vs. o and Cy vs. « for the canard/body/tatt configuration®? for M., = 2.5 and 3.5,
¢ ={P and canards 2 and 4 defiected asymmetncally 5°

PRESSURE CONTOURS

Figire M4, ‘Cnmmd W‘ a-tﬂaxiﬂvﬂﬁdtyeontom
. canarde 2 and 4 deBlected syymmerrical

VORTICITY CONTOURS

z=30 ) -‘

for the configuration of Fig, 13 (looking downtitzam) with

ing,

. - 5° for My, = 2.5, ¢ =0 and o = 18° at 2 = 11 and 38, Calculations
¢ yre-for ZEUS with and withoat separation: modeli

. o e
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Fig. 16 compares measured and compated Cy,, a8 a

function of roil on & body-tail miesile®® at M, = 2 und function of roil angle for & body-tail missile®® with twice the
45 and o = 10°, tmtu,i’co‘l;ywhit:hiuhstwminm> 15, tail § 8¢ the model in Fig. 15, This model has an overall
is characterized by a nose fineness of 3, 2 body length of 12 of 13 calibers, a nose fineness of 3 and fing with a
calibers and fins with & span of .$ calibers, The of .Oenhber.Ambientoondiﬁonsarean?::Smdns 2,
ﬁucfotﬁenwmﬁaﬁommsexﬁmwd&ommcmmmd Theseparationﬁneisesdmmdfmmmecxpmcnmaﬁm
data of for & tangent ogive body with & nose fineness ?ressmdimibuﬁmofﬂodgea.”(}m ted and measured fin
i i S o e ot s e el C b cxpescn o o
a t a o s are hi iment on i
mmmmmmwamﬁommmz of the bodyinﬂwviﬁnityggf“mc body vortices. Inclusion of
Wym%mofﬂnbody- By " crossflow  gpe h‘ I?ﬁammgsm?mwmdmmmﬂm;m
separation s, mode sceonately computin leeside region. Fig. illustrates C) as a function angle for
vortices, i fin load predictions the theg‘;nodcl%f Fig. 16. Inviseid computations and experiment

are obtained on
leeside of the bodi A&Mw =4.5, the inviscid leesndgglnfmu
predictions [) over-estimate expetiment. usion
ofdmwmmnn% inally mproves computed fin

loads;however.thecbangeinsignofdwﬁnfmatMP

is well predicted.

M. =20 a=q0 ' =

+ -
+ DATA® +

¢ ZEUS inviscid N
g 8 2EUS w/sep +
-02

0 30 6 90 120 150 189 00

Figure 16.

M. =45 a = 19°
+ DATA®

A
J 006
ZEUS ¥ :
50 = b N B T

004

SO
N .
30 60 90 120 150 180

0 -
P 002:——

Figure 15, Computed and measured Clipe. Wit e fin ar

various foll positions for 2., wvody/wing [
configuration.” Conditions are for M, = 2 ~0.02
and 45 3t o = 10°, Caloularions e fox ZEUS
with and without separation modeling,
‘ 0
Figure 17.

-
L: + N
-0 04 w N TV VP

are in reasonable agreement over the full range. Therefore,
C} predictions

only slightly i ved when the
Y 1Impro

we
model is applied. Comparison of the resuits in Figs. 15-17
Suggests that better results are obtained on fins with larger
spans. An increased fin span diminishes the portion of the fin
which 1s influenced by the boundary layer.

¢
M. =385 a = 12o%

+ DATA% b
—- ZEUS 1nviscid
-~ ZEUS w/sep N

30 60 90 120 150 180

Computed and measured Cy,,, with the fin ar
various roll positions for the body/wing
configuration.” Conditions are for M,, = 3.5
& a = 12°. Calculations are for ZEUS with
and without separation modeling.

M, =35 g = 19°

DATAZ
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xllllllll‘L_Lll

hy

\ +
Nt i
=

15 30 45 ¢ 60 75 a0
g(l:lmpuqedandmcasnmdQWigbtheﬁnarvmm

OondiﬁmsmforMm=3.5aza=12°

Calculttions are for ZEUS with and without
modcling

Separathion
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Finail .ounxmona’ were performed on the elliptic body?!
of loywith lifting surfaces. Predicted surface pressures
witl;i&mdmd)om modeling, .

compare fm;on\bl uggests that :l?eo ::;:lin ‘ﬁg'of lg;e

, s usion
winpmdmeml);uudominmeﬂ'eumthebeﬁdc id
which leads to imal influence of the ion model.

055”--|n-w—[|.'.‘-y-'1,..§11..§
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E - Separated ZEUS ’\\ 3
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Figure 18. Computed and mumd Cp v;. th fo{othc
body/wing/tai guration of Fig. 10 at
M:= Z.g%t 20° and 2L = .95.
Calculations are for ZEUS with and without
separation modeling.

PRESSU\EE CONTOURS

e,

...;,‘:,‘ (' - |

pressure contours and velocity vectors
for the body/wing/i tion of 10
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V. CONCLUSIONS

A separation model has been led to a space marchin
Euler code and iedtomissimimcimnnmdmn- ¢
circular bodies. The separation model was moxt effective in
improving predictions on missiles with circular bodies at Mach
numbers below 3.5. An examination of the calculated flow
field indicates that the separation model destroys the crossflow
shock, which occurs in the inviscid calculation, and grodnccs a
large leeside vortex bringing the computed flow field structure
into qualitative agreement with experiment. This improved
flow field description increases the sccuracy of the predicted
body and fin Ioads. However, quantitative differences remain
between the predicied and measured flow field. At higher Mach
numbers & similar change in flow field structure is introduced
bythesevmn'onmodef Here, pressures on the leeside of the
mode! are low, and the predicted loads are not significantly
affected by the separation model.

Inviscid predictions for missiles with slliptic bodies (minor
axis parailel to the pitch plane) agree well with experiment
even in the absence of a separation model. Here, the crossflow
shock, which develops in the inviscid solution, is located
near the shoulder (¢ = 90°) as is the experimentally observed
separation point. Predicted and measured surface pressures
areincbseagmementexaecgtnearthcshoulderwhaem
inviscid predictions are much lower than experiment. This
discrepancy is caused by an expansion at the shoulder, followed
g‘ a crosstiow m which occurs in the mvxsgtd solution.

perimentally, phenomena are replaced by boundary
layer 'y.msepmﬁonmode!?;uﬁnimmem
of the crossflow shock and increases the pressure in dus region
but has little influence on the missile loads.
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1. SUMMARY

As part of this development phifosophy, the authors formed a
team responsible for aerodynamic amlysis and support for

PegasusT M , a three-stage, air-launched, winged space b is
cutrently under development to provide fast and efficient
commercial launch services for small satellites. The serodynamic
design and analysis of the vehicle has been conducted without
benefit of wind tunnel and subscale model testing ush\g only
computational aerodynamic and fluid dynamic methods. All levels
of codes, ranging in complexity from empirical database methods
ﬁ\reedimens(oml Navier-Stokes codes, were used in the design.
This paper describes the design and analysis requirements, the
unique and conservative design phllosophy, and the analysis
idered for the areas of i and

~eTR B X -ta‘g—rm‘_ppgxfé)pgﬁaﬁﬁeﬁg’” 4
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3. INJRODUCTION

Pegasus (Fig. 1) is anair-lunthed spaceboosnetdugmd to satisty
hmh for sl payl ds in a variety of missions.
mobmwamkpﬁvlﬂywdevdopmtpmmhm
provide reliable space launch services at a low cost on a near-term
schedule. Under this joint venture betwean Orbital Sciences
Cotpontion and Hercules Aerospace Company, the design
approach is based on a conservative development using
conventional techniques while exploiting state-of-the-art
technologya experience. Most of the aerodynamic design is

exsting vehicles; therefore, no wind tunnel tests
mindndedinﬂiepmgnm.md readily available computational
codes were used for ol aerodynamic analyses.

2 ber of different technical areas including trajectory
requirements, aerodynamic loading distributions, stnbuity and
control, and aerodynamic heating. The flight conditions consdered
included carriage and launch from the B-52 parent aircraft,
transonic flight at high angles of attack, supersonic flight over the
entire angle of attack range, and hypersonic flight to first-stage
burnout. For this entire tlight regime, it was necessary to sclect and
validate appropriate prediction methods, estimate the level oi
accuracy achieved, and Mtu\eﬂightmvelopeunmarybased
on expeﬁmee and engineering judgement.

The purpose of this paper is to discuss the computational
techniques used, from engineering methods (empirical
database/theoretical codes) to computational fluid dynatmics (CFD)
methods, and the results obtained from each level of prediction
method. Though specific codes wil! be described, it is not the
purpose of the paper to evaluate individual codes, but to evaluate
the approach of using a number of different codes for detailed
serodynamic design of a new flight vehicle for which no test data
exist.

4. BACKGROUND
4.1 Pegasits Mission

To gain the advantages of increased payload performance and
operational flexibility, Pesawiaamieddoftbeneuhthewingoh
B-52 bomber or a modified conventi

alrcraft, Thepufommem\pmvmmumgoundhmd\ma
result of both the aircraft forward velocity and the initial launch
altitude. Launch at 40,000 feet contributes to lower dynamic
pressure, lower drag, and lower structural and thermal stresses.
The reduced atmospheric p range d by the first
stage permits optimization of the first-stage nozzle. All things
considered, a winged air-launch vehicle has a significant payload
mass fraction advantage over conventional ground launches.

Inlevel flight at Mach 0.8 and 40,000 feet, Pegasus is released from
the carrier sircraft and allowed to free-fall for 5 seconds. After first-

mgeigd&my?epmbegimaz.s-gptﬂpupmmveruslngMng
tift and thrust while ! speed
regime and madmum dynamic When first-stage bumout
occurs after 82 seconds, the vehicle has reached Mach 8.7 at an
altitude of over 200,000 feet. The frst-stage, which includes all the
aerodynamic lifting surfaces, is separated from the d and
third stages at this time. A typical baseline fhight profile is
illustrated in Figure 2.

For purposes of this paper, the end of the aerodynamic analysis is
denoted by first-stage separation. At this high altitude, the low
dynamic pressure makes the aerodynamic forces and moments
negligible compared to thrust and inertial forces.

4.1 Geometry

A skeich of the complete configuration 1s shown in Figure 1. The
blunt nose body is cylindrical with a constant diameter of about 4
feet over the total body of 50 feet. A fairing between the
wing and the body and a slight expansion near the tail to
accomodate the nozzle of the first stage rocket engine are the ondy
madifications to the cylindrical shape. The wing, a clipped delta
planform, is mounted on top of the fuselage, slightly aft of mid-
fength. The wing span of 22 feet is dictated by the available
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The graphit ite wing has a modified double
wedge atrfoil section. The position of the wing Is critical to
minimize the pitching moment variation due to the latge center of
gravity travel during first-stage burn.

The tail section is composed of clipped delta planform horizontal
stabilizers and vertical rudder. These all-movable surfaces ave also
double wedge sections made of graphite composite structure.
Other important details of the geometry which must be considered
in the serodynamic analysis are the interaction of the wing and tail
surfaces and the contours and corners produced by the wing-body
fairing.

Though significantly different from the X-15 geometry, there are a
sumber of similanties between the configurations that are dictated
by the B-52 carriage and launch requirements (Fig. 1(b)). Given
these similarities, the derodynarmnic cheracteristics of Pegasus can be

pared with m d and predicted X-15 aerodynamics to
provide a realistic check of the computational results.

4.2 Aerodyramic Requirements

baseline mission profile for Pegasus is shown in Figure 2
to {llustrate the aerodynamic requirements. Note that the
aerodynamic portion of the flight involves only the first 80 seconds
of the mission. Briefly, launch from the B 52 occurs at M = 0.8 ata
low angle of attack. The angle of attack immediately increases to
nearly 20 degrees as Pegasus accelerates through the transonic
regime to supersonic speed. During this part of the mission,
Pegasus is gaining altitude using both rocket thrust and wing lift,
By M = 3, the angle of attack is down t0 5 degrees, and by M= 6 it
is nearty zero degrees. Different missions will dictate different
angle of attack and Mach number schediules.

A flight envelope is illustrated by the solid curve in Figure 3, and
the names of various computer codes are shown 0 illustrate their
range of applications. The codes noted on this figure are discussed
in alater section. Before a decision about appropriate aerodynamic
n methods can be made, the dynamic i
for the various technical areas are needed. A minimum set of
is shown in Figure 4. For trajectory simulations, the
longitudinal and lateral aerodynamic characteristics must include
effects of control su:face deflections since trim calculations are
required throughout the trajectory. Some of the other items in
Figure 4 are spacific 10 Pegasus; for example, the wing fairing shock
interference is of interest because of a specific vehicle component,
and the B-52 pylon carriage loads and separation traj are
required because of the nature of the launch. '!'hemmberkcmmow
conditions shown for each requirement is a conservative estimate
based on prelimninary design considerations. In reality, items such
as the longitudinal and Iateral acrodynamic matrices were
cakulated a number of times as the design changed, therefore, the
1400 flow conditions shown were calculated as many as four
diferent times.

43 Agrodynamic Design Philosophy

Beonomics and accuracy were wunder constant consideration during
the computational aerodynamic analyses. In some cases, the
number of calculations required dictated the codes and methods
that could be used; for even if it were possible,

the aerodynamic matrices could not be developed asing CFD
methods because of the cost and time involved. These matrices of
aerodynamic characteristics had to be calculated using simpler,
faster engineering methods. However, certain of the calculations
involving flow separation and shock wave interference are too

for

panel methods and solutions of the Buler equations were sufficient
to provide the design details required.

Additional considerations in the aerodynamic design philosophy
were code availability, ease of use, engineering capability, and
-confidenice level. , codesthatare’  Ticudt to acquire and
ush carnot e consideret for a desigr: stridy Jike Pagasus because of
thethme constraints’involved. Also, therc is.generally little thme
availsble for code developthent 4nd training; therefore, reliable

e

codes familiar to the design group are a necessity. Finally, since no
wind tunnel data are available for guidance, there must be a high
degree of confidence in the prediction methods so that a large
amount of time ts not spent validating the selected codes. Missile
designers and analysts have noted that the acrodynamic design ofa
new vehicle may be limited by the highest level of code with which
the aerod; "ldesigngfou is familiar. The objective of the
Pegasus effort was to use the highest level code required for the
specific task.

In this commercial design effort, time became an important factor
for some items. The basic serodynamic analysis had to be

in the conceptual design stage 30 that the design
effort could move on toward final design, As geometric
modifications were made, rapid aerodynamic evaluation was
necessary so that performance characteristics were availsbleina
timely manner for mission analysis.

After the preliminary serodynamic design, there is generally more
time available for aerodynamic support. For example, the
calculation of aerodynamic heating and aerodynamic loads for
structural design require the use of more complex methods, but the
timing, though still impoutant, is not as critical. Similarly, very
detailed fluid mechanic analysis of certain flow characteristics may
require a significant effort using modern CFD methods, but the
results of this study, though important for the final design, may be
carried out over a longer period of time after the final aerodynamic
design is fixed. The method-selection process for this design effort
will be described in greater detail in the next section.

5. TECHNICAL DISCUSSION AND RESULTS

A number of different aerodynamic design and analysis codes were
applied to Pegasus; the portions of the flight envelope considered
by various codes are shown in Figure 3. The different codes used
are identified in Figure 5, and descriptions of each code are
presented in the following phs. Since it is important to see
the relationship between the specific aerodynamic task and the
code or codes selected, sample results will be presented and
discussed at the aame time the prediction methods are described.

A%, Desi|

As noted above, speed and accurucy are important considerations
for the codes used for preliminar; design purposes. A number of
possible codes are available for this task, but as discussed in
Reference 1, not all codes are applicable to the configuration and
flow conditions of interest for this investigation. Since no
experimental data on Pegasus was to be available, a conservative
approach was taken for the analysis and a number of different
codes wer,* selected for the prelirninary acrodynamic design phase.

Two independent engineering codc for preliminary design and

MISL3 (Refs. 2 and 3) and Missile DATCOM (Ref. 4 and 5),
were used in parallel to predict the longitudinal and lateral
aerodynamic characteristics of Pegasus over the first part of the
flight envelope below Mach 5. Between Mach 4 and 8, the S/HABP
(Ref. 6) and MADM (Ref. 7) codes were selected.

MISL3 is a semiempirical code which uses a combination of
theoretical methods with noalinear corrections for the body and an
extensive experimental data base for wing and tail fin loads. The
data base inherently includ and compressibility effects as
well as fin-body gnp effects. The code emphasizes high angles of
attack and transonic speeds, important flow regimes for Pegasus.
Mutual interference between control surfaces is also considered in
the data base, another important feature for the anticipated flight
profile. To provide some confidence in the applicability of this
code, MISL3 has been validated by companson of measured and
predicted acrodynamic characteristics with a number of different
configurations (Refs. 2, 3, 8, and 9). The range of application of the
flow parameters in the MISL3 data base is
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Misaile DATCOM {s based on the body buildup method and
includes & number of methods for each component of
the configuration. It was developed specifically for preliminary

design applications, and {thas also been validated by numerous
cwmparhom with axperimental data (Refs. 4, 9 and 10). Even
though MISL3 and Missile DATCOM use some similar approaches,
they sre independent codes with individual strengths and
weaknesses. For example, Misstie DATCOM predicts axial force ot
drag much better than MISL3, but MISL3 predicts vortex-induced
forces anvd moments at high angles of attack better. The body loads
in Missile DATCOM have proved to be more accurate than those
from MIS5L3 in subsonic flow.

Both of these codes should provide independ dictions of
Pegasus aerodynamics. Throughout theprelmunuyuerodymmic
analysis, both codes were tun in for all flow conditions and

the results were compared. Since some of the flight regime
mvolveshigh angles of attack wherevomx induced nonlinearities
can the acrodynamic characteristics, there is ikely to be
some disagreement between the results from the two codes. thn
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calculations. The MADM results were compared with MISL3 and
Missile DATCOM results between Mach 4 and 5 to test for

consistency and aceuracy.

Predicted lift and crag coefiicients at M,,, = 8 are shown in Figure 8
for a range of angles of attack far beyond that e.pected during

t. Ani pervirep of isalso shown in
the figure, No data on & simdler configuration in this Mach range
are available for comparison purposes.
£:2 Enginecring Methods

The next level of code available for aerodynami calculations is a
panel method. For Pegasus, the high angles of attack expetienced
at both subsonic and supersonic speeds add the requi that
vortex-induced effects be included. These vortex effects are those
associated with vortex shedding from the body ahead of the wing
SUPDL, an improved version of the NWCDM-NSTRN supersonic
code described in Reference 11, was immediately available for
analysis over the Pegasus flight envelope up to Mach 3. A subsonic

this occurs, higher level codes can be used to predicta ti
number of results to help resolve the differences. These higher
fevel codes are described in a following section.

Predicted static longitudinal aerodynamic characteristics of the
complete Pegasus configuration with control surfaces undeflected
are shown in Figure 6 for the range of Mach numbers. Resuits from
both MISL3 and Missile DATCOM are shown. Agreement is very
good for the entire range of Mach numbers at moderate angies of
attack, but there is some disagreement above a = 10¢, a good
indication that predicted vortex effects are different between the
two codes. The final serodynamic charactenistics are determined
by a combination of the two results, giving consideration to the
respective strengths of both codes. One use of these aerodynamsc
results is for trajectory simulations; therefore, the calculations were

for a range of horizontal tail deflection angles to compl
the longitudinal aerodynamic matrix,

A matrix of Pegasus lateral asrodynamic characteristics was
generated by varying the sideslip angle and the rudder deflection
angle. woll contvol information was generated bycompudng the
effects of differendal deflection of the horizontal tail

Verification of the above approach for longitudinal serod

characteristics was ial to bulid confidence in the calculation
procedure, Experimental results are available on a similar
configuration at M_ = 2 in ReK 12, and comparisons of

measured and predicted lift, drag, and center of pressure are
shown in Figure 7 for a range of angles of attack up to the
maximum angle permitted for the Pegasus mission. The
comparisons ate in very good agreement over the entire range of
angles of attack. Since the longitudinal center of pressure was not
in as good sgreement as the force coefficients, a sensitivity study
was performed to iflustrate the effect of the moment center
an amount equal to 10-percent of the mean aerodynamic chord. It
uappamnt\haﬂﬂsbamulyhmgmmdeofﬂ\emm
dicted center of p

r

The two previoas codes have an upper limit of Mach 5; therefore,
another code was required for the higher Mach-number ranges.
Missile DATCOM has a hiypersonic option which was used at
selected flow conditions; however, other codes are more
appropriate to this flow regime. §/HABP and MADM (Refs. 6 and
7) were applied to Pegasus for Mach numbers between 4 and 8.
Note that there is also an overlap in the Mach region at which
preliminary design codes were used to e certain of continuity of
results. MADM is a major upgrade of the S/HABP code and
inchades additional capability to improve the pressure prediction at
supersoni Both codes are panel codies that use fmpact
methods to prediot pressure distributions nn arbitrary
configurations. The disadvantages with these codes dre the absence
of wing il vorticaf interference effects snd the requirement that
the nser select the sppropriate force caleculation procedure from the

many options. However, it is possible to validate the codes with
emperimentaloromer eted results to enhance the use of the
method, Since the of attack at the higher Mach numbers is
very low and it is expeciéd that the characteristics
wgﬂhwﬂlmm was the only code used for these

jon, SUBDL, was also available for use 1n the limited fhght
regime between launch and the onset of transonic flow.

SUPDL represents the ~omponents of the configuration with
distnbutions of singu'arities denived from supersonic hnear theory

The body is modeled with linearly varying supersoruc line sources
and doublets to account for volume and angle of attack effects, and
the lifting surfaces and body interference regions are modeled with
planar supersonic lifting panels. Nonlinear fin loads associated
with leading edge and sideedgeaepanuonaﬂughangleaofamck
are included. Other important nonlinearities from forebody and
afterbody separation vortices are included as is the interference
effect of the wing trailing vorticity on the tail fins. SUPDL also has
the capability of predicting the aerodynamuc characteristics of the
configuration under constant pitch, yaw, and roll rates. This is
particularly useful for obtaining damping derivatives to a first

approximation.

The predicted distribution of aerodynamic loads from both SUBDL
and SUPDL are easily converted for use in the structural analysis
code NASTRAN. This information on the wing and tail fins ata
number of different flow conditions was provided to the structural
designers. Predicted loading distnibutions on the wing in subsonic
and supersonic flow at a high angle of attack are shown in Figure 9
Thzarrowsnpmsemthemgmmdeof ﬂwaerody'namtc loadmg at
specific wing } in the aerody

.3 Lai s

Areaa that do not bear directly on the aerodynamic design of
Pegasus are the carnage and launch charactenistics. The carnage
loads are critical to the design of the B-52 pylon adaptor as well as
flight safety and mission viability. The launch characteristics are
important not only for the safety of the launching aircraft but for
the initial flight conditions of Pegasus. These characteristics can be
measured experimentally, but the expense and delay in the design
schedule are usually not practical for a commeraial effort; therefore,
an analytical approach was selected.

Cartlnge loads and lsunch characteristics require that Pegasus’

loads be k in the flow field of the launching
aircraft, a B-52 for the initial analysis. Previous work in the
prediction of store separation from various aircraft (Ref. 13),
including the B-52 (Ref. 14), provided the necessary capability
Previous validation of these methods (Ref. 15) on a number of
different store separation problems was sufficient to give
confidence in the predicted results.

Carriage loads were calculated using beth the load prediction
method in the store separation code, SUBSTR (Ref. 13), and the
panel code SUBDL integrated into SUBSTR. In each case Pegasus
was placed in the predicted nonuniform flow field assocuated with
the B-52 at various flight conditions. Altitude, airspeed, and
perturbations {0 the flight path caused by gusts were considered.
Forces and moments on Pegasus were predicted, and the loads on
the pylon attachment points were calculated and examined for
peoblems. In every case, the predicted loads were within accepted
safety limits.
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taunch charecteristics were celculated using SUBSTR with its six-
degree-of-freedom trajectory simulation cipability. For this
analysis, Pegasus is launched from the B-32 with all controls
inactive and neutral for the first five seconds; thetsfore, the initial
i1 the influence-of the B-52 determiines the
position and attitude of Pegasus at ignition. The first three seconds
of & normal launch are shown in Figure 10. Notiee that Pegasus
falls away from the B-52 with 4 slightly nose down attitude and
small roll angle away from the fuselage. The Pegasus
trajectory is in good agreement with messured and predicted X-15
trajectories (Ref. 16); however, the pitch and roll angles associated
with Pegasus are much less than those experienced by the X-15.

Another feature of the analytical launch prediction. method is its
ability to investigate non-stendard launch ch istics. Though
not planned, if Pégasus is dropped with controls locked in various
fully deflected positions corresponding to pitch, yaw, or roll
control, it i3 essential to identify a priori any emergency launches
which could endanger the B-52 aircraft. A number of extreme
launch conditions were simulated with SUBSTR. In every case,
though the trajectory may have been erratic and uncontrollable,
Pegasus cleared the B-52 and fell safely away from the aircraft.

54 Other Methods

Based on the results presented &bove, the missile designer may
begin to believe that all problems can be solved with
one code or another. Before this happens, it is time to return to
reality anid examine an important area in which large uncertainties
exist in analylical methods. That ares is the calculation of static and
dynamic stability derivatives.

The Missile DATCOM, MISL3, SUBDL and SUPDL codes have the
u\gnbmty of alcnhﬂng #mportant stability derivatives, but there

to build the confidence level for
the rewlts Fomzmtely, the similarity between the X-15 and
Pegasus provides a means fo esti! the quality of the predicted

stability derivativex. Static longitudinal and latersl derivatives are
available from Missile DATCOM wnd MISL3 at specified flow
conditions, and a = 5¢ was selected fot the calculations between
Mach 0.6 ad 50, The results from the MADM code were in good
agréement with these resuits between Mach 4 and 5; therefore,
MADM was used for predictions to Mach 8. The predicted static
longttudinal derivatives 4s & fanction of horizontal tail deflection
angle and Mach numbey are shown in Figure 11 along with flight
measurements on the X-15 from Reference 17. One difference inthe
moment curves between Pegasus and the X-15 is cavsed by the
large movement of the center of gravity during first-stage bum and
its effect on the derivatives at high Mach numbers, Similar results
and-comparisons for the static lateral characteristics are shown in
Figure 12. In general, the static characteristics of Pegasus are very
simnilar to those for the X-15 over tie entire fBght range of interest.

The SUBDL and SUPDL codes were used to check the above results
st selected flow conditions at moderate Mach nunbers. This higher
level caiculation verified the simpler methods.

The prediction of dynamic stability derivatives is more difficult,
and there are few codes available for this task. As a consequence,
the level of uncertainty is higher than for the static derivatives, A
method based onstipersonic linear theory is described in Reference
18, anud it proved successful for the X-15. This approach was
spplied o Pegasus, and *he predicted pitch damping results are
shown in Figure 13 as the curve dehoted Linear Theory. Flight test
and wingd tunnel messurements on the X-15 are shown in the same
ﬁmﬂhmmdm&kmmw
the predictions for Pegasus. As a check on this simple approa
the code SUPDL was applied to 2 pi tdmagPegameonﬁguuuon,
and the results are compared to the Jinesr theory. The agresment

between the mothodi is very good in the limited Mach number
range of the code. Similar vesuits were obtained for the yaw and
ol dariping derivatives on Pegasts.

35 Computations! Fluid Dynaics
As shown on Figure3:and described above, & namber of CFL codes
were used for detailed flow simulations. Calculations have been

made with an Euler code, a parabolized Navier-Stokes code, two-
dimenstonal and axisymumetric Navier-Stokes codes, and a three-
dimensional Navier-Stoke code. A number of research CED codes
were used in cooperation with the NASA/Ames Research Center
and the Numerical Aerodynamic Simulation facility. These
involved the use of a parabolized Navier-Stokes code to predict
fuselage pressure distributions, the use of an xxisymmetric Navier-
Stokes code to predict the posmibility of rocket plume-induced
near the tail control surfaces, and the use of a three-
dimensional Navier-Stokes code to model the complete
atcritical flight conditions to check details of the flow

which may have been missed by the simplermethods The CFD

results have been used for the dy dies and
design of the thermal protection system.

In this section, a number of different applications of CFD codes are
described to illustrate the use of these advanced techniques in
practical configuration design and analysis.

Buler Solutions.- SWINT (Ref. 19) has been used for a number of
different calculations during the Pegasus analysis. First, it was
used to predict the dynamic pressure defect on the lee side of the
configuration at supersonic speeds to assess rudder effectiveness
for lateral stability analyses. This correction is included as part of
the MISL3 code. Euler calculations were also used to predict

detailed fuselage liads for the nose fairing design.

Pamabolized Navier-Stokes Solutions.- In the early design phase of
Pegasus, a potential for first-stage rocket plume-induced separation
of the Ziow near the aft end of the fuselage was identified. Sincea
separated flow region would occur in the vicmity of the control fins
(Fig. 1), a significant loss in fin effectiveness could occur if the fins
were isranersed in this flow. A rapid CFD analysis was proposed to
determine the possibility of flow separation in this region.

Considering the flight envelope shown in Figure 3, most of the
flight occurs near an angle of attack less than 5¢; therefore, to
further simplify the CFD analysis, the angle of attack is assumed
zero, the wing and fins are neglected, and calculations are
performed for the body only. These assumptions permit an
axisymmetric analysis, which considerably reduces the required
computational effort. Flow separation calculations were performed
at three Mach numbers, 1.5, 5, and 8 corresponding to Mach
numbers on the baseline mission profile.

A zonal calculation approach using three different computer codes
was used for the supersonic analysis. First, an Euler blunt body
code (Ref. 20) was used to compute the axisvrametric flow over 2
sphere to approximaty: the flow in the vicinity of the nose. These
results are used as starting conditions for a parabolized Navier-

Stokes (PNS) calculation using the UPS code (Ref. 21) from
NASA/Ames Research Center. The PNS calculation produces a
non-separated viscous solution in a vory efficient manner since it
uses a marching-type solution procelure. Turbulence in the
fuselage boundary layer is modeled using the Baldwin-Lomax
algebraic turbulence model (Ref. 22).

The grid used for the PNS colculations has 100 x 82 potnts in the
streamwise and body-norn.al directions, respectively. Sufficient
grid points were usec to insure adeouate resolution of the fuselage
layer. Attheleft or incoming boundary, flow conditions
obtained from the blunt body calculation ave imposed, and
freestream conditions ace applied at *he far field boundary which is
located just beyond the nose bow shock. Each FNS calculation
requires approximately fifteen minutes o the NAS Cray-2.

ic Navier-Stokes Solutions.- The results of the PNS
calenlation provide initial conditions for a full Navier-Stokes
calculation in the region just upstream and downstream of the first
stage rocket nozzle. These calculations were performed using the
axisymmetric Navier-Stokes solver in the TURF code (Ref. 23) from
NASA/Ames. Turbulence is mndelled with the k-¢ equations in
this code.

The grid used for the Navier-Stokes analysis of the base flow is
shown in Figure 14. Thisgrid has 78 x 100 points in the & . :amwise
and normal directions, respectively. The PNS resnlts were appliea
at the left boundary, and the far field boundary was treated as
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described stove. A conical inviscid flow corresponding to the
desigp rocket nozzle conditions was applied at the nozzle exit
plane. The Navier-Stokes computations requive approximuely
fifteen minutes on the NAS Cray-2.

Predicted Mach tumber coptourg at M, = § are shown in Figure 14.
An oblique shock occurs due (b the presence of the ramp at the
rocket nozzle, end at higher Mach numbers (and aititudes), the
spreading of the plyme induces & second oblique shock which
intersects the first shick, creating a lambda shock near the ramp.
jutnp across the oblique shocks increases with Mach

. To'determine if flow scparation is present, streamlines are

also shown in Figuredd. In all cases, the flow remains attached,
even for the highest Mach number where the plume expansion is
largest. These results are strictly valid only £or the higher Mach
number cases in the dight profile where the angle of attack is small;
however, since the plume expands 1éss at lgwer Mach numbers and
altitude, it is likely that plume-induced flow separation is not a

problem.

There were sevefakntemung mde benefits from the above CFD

fe d from these calculations
prov:ded a ched: on thermal calcnltuons made for fke design of
Pegasus’ thermal protection system. The predicted boundary layer
thackness provided verification that adverse effexts on control fin
loading on the of the fins submerged in the boundary layer
were not a problem. The boundary layer and Mach number
profiles near-the body also helped identify a possible heating
problem on the control fin actuators.

Three-Dimensional Navier-Stokés Solutions.- In early analyses of
Pegasus, there was concern over possible deletericus effects from
interaction between the shock waves produced by the wing and tail
leading edges and the boundary layer on the body. The concern
involved fiow separation due to the shock wave/boundary layer
interaction and increased heat transfer due to the high compression
of the flow through the shock coming in contact with the body
surfece. Each of these conditions could affect the design of the
thermal A CFD analysis using a complete three-
dimensional model of Pegasus was proposed to examine the
possibility of these adverse effects.

This analysis was carried out in two phases. The first phase
involved a model of the fuselage and wing for two distinct flow
conditions; (1) M, = 1.2, a = 20*, and (2) M_, =5, a = 5°. After
successful completion of these computations, the second phase
addressed the modeling of the comylete configuration for
calculations at the higher Mach number

Devdopnmkom\eeompuhuom&gnd isa mjorpmofanyCFD
study, and Pegasus is no grid
approach (Ref. 24) was chosen for d\e dlscretizat!m process to
achieve an accurate model of the entir2 configuration. The grid
required for simulating the flow field around Pegasus was
composed of two sections. The first section enclosed the body and
wing, extending one gnd cell beyond the trailing edge of the wing.
The second section extended from the wing trailing edge to the
base of the body. For the forward section, because of the blunt nose
and the thick, round-edged wing, the grid was generated using the
NASA/Autes code HYGRITID (Ref. 25), a three-dimensional
hyperbolic grid generator. For the aft section, because of the
simpler, more cylindrical geometry, the grid was generated using a
NEAR code, HYPDAPT (Ref. 26), a two-dimensional hyperbolic
grid generator. The two-dimensional grid generator was applied to
compute grids in cross sections which were combined to create a
fully three-dimens onal grid.

The final grid & presented in Figure 15 where part of the grid on
the surface of the body and is shown, along with the grid in
the cross section at the trailing edge of the tail fins and in the plane
3\1 symmetry, Only 25% of the actual grid points are shown for

&ceptfmih&duosasecﬁmp&aﬁofthewmgmﬂms
edge.thegﬂdontheforwmmoﬂheconﬁgunﬁonwunot
restricied to planes normal to the axis of the body. The final cross
section of the forward section is normal to the body in order to
match more easily with the cross sections of the grid on the aft
seetion. Nota thata plane of was used {0 Save computer
time for longitudinal calculations. The forward grid contains
92x83x51 points andl the aft grid contains 54x83x51 points, 2 tota! of

-618,018 points. A
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wver'y fine tesh was used next to the body surface
to-enhance the poaaibility of predicting the friction and heat
tranafer effects of the boundary layer.

The Chimera overset-grid scheme (Ref. 24) was used to allow
treatment of the two part grid configuration. The approach allows
multiple grids to be overlayed without requiring mesh boundaries
to join in any special way. The two grids were designed 3o that the
axial locations of the last two cross sections of the forward grid
coincided with the first two sections of the aft grid.

The computation of the flow field was carried out using the code
F3D4{Ref. 27) from NASA/Ames The code solves the compressible
three-dimensional thin-layer Navier-Stokes equations, uses upwind
spatial differencing in a streamwise cirection, and is etther first-
order or second-order accuracte in space. For the calculatioss
described herein, the accuracy in time is first-order.

3 P

Numerical computations on the config

were carried outat M =5anda= 5°fora Reynolds number of
1.33x10°. The computations began by comnuting for the forward
grid alone. After a converging solution was obtained, the aft grid
was added ard the solution continued. With the partiaily
converged forward solution and uniform flow over the aft section
as the initial condition, the solution advanced A total of about 25

- howus of CPU time on the Cray-2 computer was required for the

calculations.

A typical of a CFD 1s a large quantity of
information that is difficult to assimilate using traditional methods
For example, results mclude surface stream lines, flow field veloaty
vectors, and surface pressure contours on the entire corfiguration;

, careful ination can reveal many interesting details
about the flow around the vehicle. Flow field vectors and pressure
contours are shown in Figure 16 at a station aft of the wing root
chord leading edge to illustrate the flow in the region of the wing-
fuselage fairing. These details show a ted region beneath the
wing and the position of the wing leading edge shock
wave. It was an initial concern that the wing shock wave could
impinge on the fuselage and fairing and cause heating problems. It
appears from the computations that the wing shock wave never
reaches the surface. Further examination: of results aft of
this station show vortices on top of the fainng behind the wing, and
i the tail region, the vortex from the fairing seems to get "trapped”
at the base of the rudder.

. CONCLUSIONS

A major con-tusion is an evaluation of the design capabilities of a
number of the codes currently available to the missile design
community. Though onfy a few of the available codes were used in
this study, the ience illust the req ts for useful
prediction ‘methods at all levels of complexity.

In the preliminary design application, a number of codes are
available which can provide moderately accurate results at a
reasonable cost. The codes considered in this effort are generally
available and easy to use, and for moderate flight conditions, there
is good agreement in the resnlts from different methods At
extrerte flight conditions at ugh angles of attack, codes which
include effects of nonlineanties are required, but as shown in this
study, such codes are available.

As the level of complexity increases and as more detatled
information is needed, engineering level codes are available,
generally in the form of panel methods. The cost of these codes in
both engineering time and computation time increases with the
lzvelofmfomaﬁonpmduced but the need for aerodynarmuc load
distributions and vortex: d effects make the extra effort
justified. The use of these codes to check results from the
dwgncodsatselecﬁed flow conditions proved to bea
I fid i the results from the
shnp!efcoda.

Finally, the use of CFD codes for practical application to design
problems is becoming more feasible as the available codes are
further developed. Euler codes are becoming available to even the
smallest design group as costs for use decrease. These codes are
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now availsble for mussile design at a level equivalent to panel codes
1010 13 years.ago. Their use will only continue to increase as the
codes become better and easier to use and computers run faster.

The use of Navier-Stokes codes for missile duﬁn is still in the
orvesenrch stage. Their use is to very special

problems which cannot be solved in any other manner; for
example, flow problems involving flow separation or other viscous
phenomena. These codes are not yet available to many smalt
nussile design groups because of the cufficulty using them and the
high cost involved with solutions. The cost of maintaining a CFD
capability is currently beyond many smalt tions because of
the dedication required to keep up with the rapid advances in
computational knowledge. In spite of the current disadvantages,
CFD will soon be a readily available analysis tool for missile

desipners.

With regard to Pegasus, initial test flights on the B-52 were maden
early 1990 to check out the Pegasus systems and carriage loads. It
was verified that actual carniage loads imposed on the B-52 pylon
waere well within the predicted levels.

7. EPILOGUE

On 5 April 1990, the first drop and flight of Pegasus was
accomplished successfully. Pegasus cleared the B-52 safely as
predicted, the aerodynamic portion of the mussion profile was

as planned, and most important, the first payload was
placed intosts prescribed orbit, Pucure computational efforts for
Pegasus will invol p d fhght test data with
predictions.
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®) Comparison of Pegasus and X-15 carriage

positions on B-52.
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APPLICATION OF EULER AND NAVIER-STOKES CODES
TO MISSILE TYPE BODIES WITH HIGH L/D RATIOS

by

D.JJones NAE, Ottawa, Canada
J.Evans DREV, Valcartier, Quebec, Canada
F.Priolo NSWC, Silver Spring, MD, United States
W.Sturek BRL, Aberdeen, United States
A.Wardlaw NSWC — White Oak, Applied Mathematics Branch (R44)
Silver Spring, MD 20903-5000
United States
SUMMARY

Several Buler codes and a Parabolised Navier-Stokes code are used
to predict noxrmal forces, pitching moments and centres of pressure
on long axisymmetric bodies which are cone cylinders or tangent
ogive cylinders one of which has 3 fins. Only supersonic flow
: situations are considered so that downstream marching methods are
valid. The Mach number range is from 2 to 5 and the incidence range

N is up to 15°.
N Nomenclatuxe
b body radius r radial distance
3 C, pitching moment x axial distance (also =)
‘ C, 1ift coefficient X centre of pressure from nose
H o pressure coaff = axial distance
: D cylinder diamater « angle of incidence
L length of body 8., B separation paramecors
L, length 2f nose ¢ circumferential angle
M Mach number $,, & separation parameters
Moy critical Msch for
clipping .

1.0 INTRODUCTION

The aim of thir paper is to assess the accuracy of numerical predictions of surface
pressures, normal forces and pitching moments about sevexral bodies at moderate
incidences (up to 15°). Only one practical missile shape is considered and this is
an axisymzetric cone cylinder with three fins. The other 4 bodius are ogive- and
cone- cylinders cf various noze lengths and total lengths. This is considered to be
a good cross soction of data suitable for testing present day CFD codes. All the
data considerad are for supersohic free stream Mach numbers from 2 to 5. It was
decided as part of a more comprehensive exercise to concentrate on these simpler
bodies for which data is readily avajlable. Good prediction msthods for these shapes
can then be considerxed for mure complicated gecmetries.

The complication of the flow field can be illustrated using the conical flow field
shown in Fig 1 (taken from Ref 1 where a comprehensive description of the flowfield
developments is givsn). Usually the primary crossfiow separation just leeward of 90°
is enhanced by a crossflow shock. This couses symmetrical (at moderate incidence)
vortices to be formed jnst off the surface and a reverse fiow from the leswa~d plane
of symmetry near to the surfaca. This in turn can produce a secondary suparation
{(perhaps with a shock) and a secondary vortex. In a similar way a third vortex may

- be formed in somo cases. These phenomena can be correlated in some cases with the

. lees.ld: pressure distribution as illustrated in Fig 2 (taken fron measurenents -
see Ref 2). -

Since the flowfield is so complex it is urderstandable that the numerical methods
nave difficulty in making a complete flowfield prediction. Our efforts here will not
be to study the flowfield but rather to find methods of predicting normal force C,,
pitching mawent C, and centre of pressure X, as acourately as possibla.

Ii: was decided to limit the computations to Buler and Navier-Stokes codes since
modern computer mathode and computers can fairly conveniently be used in such cases.
'é'his is possible because of the supersonic freestream making downstream marching
dasibie.

[

‘an

A parsbolised Navier-Stokes (PKE)} code is used in the present study. At the start
of the study it was uncertain how accurate these codes would be in predicting
crosgsflow shocks and separstion although they are designed to be capable of such
predictiona for moderate separation (Ref 3). It will be seen that PNS predictions .
arag_good at low incidence but some of the Euler codes with forced separation M
modeliing are capable of better predictions at the higher incidences. It seems that :
the ~turbulence modeiling in the Navier-Stokes code (Baldwin-Lomax) is not
sufficiently accurais, probably because of length scales, for the higher fncidences.

P

3 ¢ & madiZication to the PNS code (described in Ref 4), which limi the tarbulence
ﬁgel from having too large a length scale, was also attempted but did not show much
rovement .
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The Ruler codes alons on a fine d without any forced viscosity yield results
which predict a strong crossflow shock at soderate incidences. This is unrealistic
and so several methods for improving the situation have been attempted -~
particularly at the Haval Surface Warfare Center (see Refs 5 and 6 for example).
Firstly, computing or a crude circumferential grid, which imparts more artificial
viscosity into the flow, can be advantageous and shows some improvement over the
fine grid results. One of the best methods seems to be to impart more circulation
into the flow by the method termed ‘clipping’'. Here the crossflow velocities near
the surface are slowed down in effect simulating the viscous layer. It will be seen
that ‘clipping’ combined with a fairly coarse grid can give reascnable predictions.
One of the reasons seems to be that the largest error in C, occurs away from the
windward and leeward planes of symmetry thus having little effect on the normal
force and pitching moment. Although the above predictions are reasonable, the method
will not in general accurately predict the off body flow field.

The first section will describe the 5 geometries used in this CFD validation
process. Then the Navier-Stokes and Buler methods will be described and finally the
results will be assessed.

2.0 NIND TSNRL. DATA.

2.1 DPVLR DATA. This is data obtained in the transonic and high speed wind tunnel
facilities at DFVLR (see Ref 7). The data was taken with a view to improving
available information for fuselage type bodies at high incidences so that this could
be used, for example, for improving CFD codes. At these incidences separation is
very dependent on Reynolds number and a series of tests were performed to study its
effaect on C,. Several Mach numbers from 0.5 to 2.21 wers xun at incidences up to
90° . Pressure coefficients, C,, C, and flow viz were obtained on the body which is
shown in Pig 3. The body is a tangent ogive cylinder up to x/D=3 and given by

r ., x\_ X2 .10
L o.3oss¢( D) o.ossas'/( D) o.oozs:.s( D)

The total length is 19 diameters. The present study will concentrate on the data
obtained at M=:.21 and incidences of 5, 10 and 15°. The Reynolds number based on
diameter, which is 4cm., ts 3*10%,

2.2 DRRY DATA. The long body anti-tank flechette shown in Pig 3 has a conical nose
(7.5 deg half angle) followed by a cylindrical body and a finned aft end. This model
togethar with several others was tested (see Ref 8) in the Defence Research
Eatablishment Valcartier (Canada) 0.6mX0.6m supersonic wind tunnel. Tests were
cacried out using different nose cones, fin shapes, cant les and surface
finishes. For each configuration, normal and axial forces as well as pitching and
rolling moments were recorded at angles of incidence from -5 to 15 deg. and for Mach
numbers from 1.75 to 4. Pressure data was not recorded.

The case selected here for computing is designated N3B3P8. The fins are located
every 120 degrees with one at the leeward piane of symmetry. The Mach number is 3
and the incidences are 0, 5, 10 and 15 deg. The Reynolds number of the tests was
8.1710* pexr metre and the actual diameter of the body was 0.875 inches.

2.3 BAE_DATA. A sovies of tests on bodies of revolution was carried out in the NAE
5X5ft High Speed Wind Tunnel in the 13960's. Sixteen bodies in all were tested a* one
subsonic (0.5) and two supersonic (2 and 3.5) Mach numbars. Bach of the models
consisted of a cylindrical aft body of length either 6 or 12 diamsters (the dianeter
was & inchax). The nose shapes wers either conical or tangent ogives and wexs of 3
or 5 disseters in length. The models were swapt up to 28° in the first phase of the
m;cz )(?rte .9')“5;:: which only balance m-umnt;‘:nro taken. In the second phase
»easurements wers made at approximately 3, 7, and 11° incidence and
vome flow vis was taken on the conical noss body with the 'longer aft body. Both
bhalance and pressure integrated values are plutted.
The models used for the current comparison are shown in Fig 3. The first one,
designated 1001, is a conical nose of half angle 5.7° and the second is an ogive
cylinder, designated 3001, with the ogive defined as

I g fz-x)"
e Tuax ! (1 Ln)

where x=$/3 and is the nose len 5 di
f)'j.th 3 ﬁqlfh'angle ot %, gth ( anetors in this case). This body has a
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2.4 BRL _DAZA for SEARS HAMCK BODY. The forabody of this configuration (see Fig 3)
is the Sears Heack body given by

- ~ x - 210,78
r 0.5[1(2_‘2 1”

where the nose length is 2.42 calibres and the total length including the cylinder
is close to 36 calibres (one calibre is 23.8mm).

wWind tunnel data in the form of total aercdynamic coefficients are available for
this configuration (quoted in Ref 4). Data was taken at +2° and -2* incidence with
soveral lengths of cylindrical aft bodies giving data at body lengths between 20 and
36. It will be seen that ¢, and differ depending on sign of incidence at the
ll)gggor body length indicating difficulty measuring accurately on these very long

o8 .

For this body it is assumed in the computations that the cylinder is of constant
diameter rather than diminishing as shown in the figure; it is thought that this
will not have significant effect.

3.0 COMPUTER CODES.

3.1 SWINT Computer Codes. This is a space marching Euler code designed for computing
Supersonic flow about bodies with Wing, INlet and Tail (see Ref 5). The body,
together with the attached inlet (if any), must be a single valued function of
circumforential angle ¢. In general leading edges must be sharp and ‘sufficiently’
supersonlc, otherwise semi empirical methods are used. Fin thicknesses are ignored
{only the slope is used in the computation) and they must be close to radial. The
Euler eguations are integrated step by step downstream using a MacCormack predictor-
corrector scheme. On each step the shock location is determined by using
characteristics and the Rankine Hugoniot relati_ns. Slope discontinuities axe
handled by analysis to account for expansions or compressions. Sgoothing is applied
in some cases, either where the user requests it or if the pressure goes negative.
This is done by applying a Schuman filter to the conserved variables and can be
thought of as a form of artificial viscosity. The original code tried to simulate

by prescribing the direction of the two body surface
streamlines neares* to the experimentally determined separation line to be in the
direction of the separation line. This works well in some cases but is
unsatisfactory as a knowledge of the separation line {s first needed. At higher
incidences secondary separation may occur and will eventually cause instability
although smoothing may help in some cases.

A later version of the code incorporates a separation modelling called ‘glipping’.
This works by limiting the crossflow velccities rather than rigidly prescribing
streamline directions near the experimental separation line. The method, developed
by Baltakis et al (Ref 6), limits crossflow Mach number with a more severe
limitation near the body than further away, thus adding more circulation to the
flow. After trials with several formulas the final form used in the program is

M=0.145*sqgrt(a) (r/b)?

This was found to bae good for turbulent, high Reynolds number flows. Thus the
crossflow velocity v is ‘clipped’ but without changing pressure, density, enthalpy
or entropy. The total stagnation enthalpy is kept constant by redefining the axial
velocity w. Baltakis shows (6] improved Cp distributions for the case of a tangent
ogive cylinder at Mach numbers up to 4.5 with the improvement being more pronounced
at lower Mach numbers. However C, and C, are not improved by any significant amount.
The reason for this appears to be that substantial change to pressure occurs around
¢=90°, which does not affect normal force and pitching moment very much, while on
the leeward side ¢>120 deg the differenceas are smaller. In the tangent ogive case
shown in Ref 6 the normal force and pitching moment were predicted quite accurately
even with no ’‘clipping’ applied. In the case with fins, also shown in Ref 6, C, and
Cy were improved considerably using the ‘clipping’ option.

The current interest in this paper is to investigate the accuracy of SWINT with and
withont clipping. It will be seen that in most casas, C, C, and pressure
distributions are improved considerably with the clipping option.

3.2 ERUS Computer Code. This is a method (see Ref 10) based on a Zonal Eliler
Solver. It is a-second order Godunov method which is applied to the Reimann problem
associsted with each finite volume cell. Since the Godunov method is based on local
analysis the method can handle more complicated geometries than the SWINT code
mentioned above. It was found that SWINT lacked robustna.s in cases of complicated
geometries -and the artificial viscosity had to be increased to force a solution.
Expsrience with a first order Godunov method was found to be more xobust. However
to obtain good accuracy in smooth flow-regions it was found that a very fine mesh
was needed. The second order method used here overcame the problems and produces
accurate solutions for complicated geostries using efficient grids.

s
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Iin the SEUS code the glipping option mentioned above in the SWINT code is also
available as an option. In our comparisons shown later we will be comparing both
with and without clipping. Alsc in the ZBUS code there is an option for

grid points in the radial direction so as to get better definition near the body;
some of these results will also be shown.

Anothar option in the ZEUS code is to activate the Salfoxd Separation Modgl which
is described in Ret 11. In this model an approximation to the separation line must
be known in advance. On each point on either side of this line the pressure and
density are axially advanced from an averaging of the valuee on each side in the
crossflow plane. The velocity components at thase cells are computed from the
constraint of total enthalpy and the specification of the streamline directions on
each side of the separation line. This requires 4 angles to be specified §,, ¢., 8.,
§. where the first two define the upstream streamline directions, axially and
crossflow, and are normally taken to be 20° and 20°. The latter two are for the
downstream streamline normally taken to be 5° and 20°. The vortex sheet off the
suzrface is then captured by the numerical scheme. The constants in the model vere
chosen from work oa bodies at 12 to 16°. In the present paper the method is applied
at 7 and 11° on the NAE bodies.

3.3 PAS Coxputex Code. The Parabolized Ravier-Stokes code used here is the version
developed by Schiff aad Steger (Ref 3) and subsequantly modified by Rai and Chausee
of NASA Ames Remearch Cantre. This code is an approximately factored, fully
implicit, thin layer code based on the Beam-Warming algoxithm. The computationsa
asgume a fully turbulent boundary layer which is modelled using a Baldwin-Lomax
algebraic turbulence model. The code accomplishes the computations by marching in
the axial direction using a conical flow starting solution. The restrictions on the
computations are supersonic outer flow and no flow separation in the axial direction
(flow separation in the circumferential direction is allowad). A modification to the
code (Ref 4) was included for some of the calculations to try to axtend the range
of applicability of the modelling. In this modification limits are imposed to keep
the turbulence model from having too large a length scale. In general it was found
that this did not give significant improvement.

4.0 RESULTS
4.1 DEVIR RATA

a) SHINT Resulia. SWINT was run on a ,6X40 mesh (40 radially). To observe the major
diffarences in C, with and without clipping it is best to observe the highest
incidence case of 15°. ({see Pigs 4a &nd b). It can be seen that on the windward
side, $<45° say, the experiment and theosies are well matched and thus the windward
contribution to lift is fairly accurate. Howaver on the leeward side the result
without lipping gives too high a pressure due to prediction of a strong shock at
about 120° {for x/D=8.22F for instance). This leads to too low a value for local
1ift due to these diff_cences on the leeward side -emphasired in Fig 4a by the
shaded area. Un the other hand the clipped result of Fig 4b shows a much flatter
pressure distribution on the leeward side, and this is very close to the
experimental data - the difference for x/D=8,225 is again highlighted on the figure.
Now the local lift is much closer to experiment as confirmed ir Fig 5b compared to
Pig Sa.

b) XBUS _Resylts. A ZRUS result without clipping at a=10° is shown on Fig 6 - this
is shown to demonstrate the inacocuracy obtained without clipping. The ZEUS results
with clipping on a 72%72 mesh were very similar to those of SWINT {36X40) with
clipping. Clustering of points nearer to the bhody helped to give second order
improvement. The final result was very satisfactory and, for instance, X, was
computed to half a calibre accuracy.

G) PMS Basults. At a=5° the PNS results are very good (see Fig 7) but at 10° the
accuracy is guite poor. Looking at the pressure plots at 10° (Fig 8) it can be seen
that the pressure appears generally to ba too high on the leeward side at least
prior to the experimental recompression at about 150° and this results in the lower
lift predictions of Fig 7.

Conclusions. SWINT and 2BUS without clipping are clearly inadequate and should not
be used in such calculations. The clipping option yields much better results which
are accurate enough for design purposes on this sort of configurataon. The PNS code
does not appsar to be sufficiently accurate except at 5° incidence.

4.2 DREV_FLECHETTE

a) SNINT SKPARATION MODRL Results. The results obtained using the SWINT separation
model (spe SWINT description above) are shown together with ZEUS results on Pigures
9-11. The -separation model was not used in the fin region. The code was used with
a 36X40 grid (every 5°). It can be seen that , and C, are not quite as accurate as
the £8U3 resuits at least when « is above 10°. Below 7.5° tne results are in good
agresment with sxperiment. In genexal all results for X, are within half a calibre
of the experiment. It can be seen from Figure 10 that the local 1ift is similar to
that of ¥2US. The effect of £in lift can be observed in this figure and its major
contribution to total lift.is clear. This is probably the reason fox. such a good
agrésment of C, compared to experimsnt for this configuration as opposed to other
cases studied in this paper. The pressure ratio plots (Figs 1la-lle) indicate that

ity
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§ separation modelling has already been used in the SWINT code as early as one calibre
: downstceam. However with differences compensating on the leeward side and with being

! over such a small distance and area it does not affect total lift appreciably. On

the windward side SWINT results match very well to those of ZBUS without clipping.
« Also shown on Figures 9-11 are results obtained using 2EUS and ZRUS

b) RIS Results
: vith clipping and clustering (designated C+C). The clustering in this case was

applied in the fin region and biased points toward the body giving about 10 points
on the widest part of the £in; this was achieved using r*% as a transformation. The
fin thickness was taken to be zero. A 36X36 grid was used in two zones with 12
circumferential points between the windward plane of symmetry and the fin at 60 degs
and 24 points between this fin and the leeward plane of symmetry (where there is
also a £in). As can be obsexved the overall forces and moments appear to be equally

N accurate and very close to the experimental data. TREUS(C+C) is clearly more accurate
) in centre of pressure prediction (Fig 9c) at 5° but this may be fortuitous as the
‘ numerator and denominator in the ratio are still relatively small. To be sure more

computations would have to be done at the smaller angles of incidence.The pressure
results are shown on Figs lla-lle. The clipping becomss effective at x/D=3 while

5 clustering is effective only in the fin region (x/D>22).
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Conzlusions. All the results appear to be reasonably guod in this case with centre
of pressure being accurate to within about half a calibre. Even the ZEUS results
without clipping are surprisingly good when one considers the poor DFVLR result. The
reason for this is possibly that the fins contribute a large amount to total forces
and moments. 2IEUS(C+C) is wore accurate in predicting X, at 5° but this may be
fortuitous (see above). In general any of the above mathods could be used for design
purpoges in this finned body case.

4.3 BAE RODIES 1001 and 3001.

a) SMINZ. Results were computed on a 36X40 grid with clipping. In general the
results were not as good as the similar DPVLR case covered above. In fact with the
1001 body (conical nose) at Mach 2 the local normal force was negative downstream
of about 7 diameters. However at M=3.5 the results matched the experiment fairly
well as they alsc did for the 3001 iody at both Mach 2 and 3.5. This seems to
indicate that the stronger shock cases may be easier to compute - recall that the
DFVLR body was a 7.5° nose half angle run at M=2.21. On Figs 12 and 13 are shown the
comparisons of C, and C, at the 3 incidences. It can be seen that X, is predicted
to within 1 calibre for the succassful computations.

b) PNS. The PNS results are exceptionally good (see Pigs 12 and 13)in all four of
the low incidence cases a=3° with, for aexample, being accurate to half a
calibre. Also the Mach 3.5 cases at ¢=7° are exceptionally good and should lead to
a good design and prediction for these bodies. The only shortcoming is at Mach 2 at
the 7° incidence; in this case the X, values are predicted close to one calibre
upstyream of the experimental velue. As will be seen the other prediction methods
suffer here also. Looking at the local normal force shown on Figs 14a) and b) it is
seen that the absolute error in local lift is about the same whether the Mach number
is 2 or 3.5. However in the case of Mach 2 the relative error will be bigger since
the total 1ift is smaller. Total pitching moment will slso be smaller - leading to
a greatexr inaccuracy at Mach 2 compared to Mach 3.5,

©) ZEUS. This code was run on a 72272 mesh and the computations were made with the
regular code and also with the Salford Separation Model described earlier. One ca\
clearly see the inaccuracy of the regular code at Mach 2 while at Mach 3.5 the
prediction is only good at «=11°, the indication being that the stronger shock will
produce better results. A second run on a 36X36 mesh produced quite reasonable
results for this case (Pigs 12 and 13) unlike the DFVLR configuration covered
earlier in which a 36X40 SWINT result without clipping was quite poor and misleading
in its predictions.

The separation model gives exceptionally good results for both angles of 7° and 11°
at Mach 3.5. It is also very satisfactory at Mach 2 and «=11° but is not so good at
Mach 2 and a=7°. The angles used in the separation model were based on experimental
data at 12 and 16° so the inaccuracy at the lower incidence is probably due to this
but with Mach 3.5 being more forgiving.

Contlusions. At the low incidence of 3° the PNS code is exceptionally good. Also at
low incidence the 36X40 SWINT results with clipping are generally acceptable except
that for configuration 1001 the code gave negative local lift over a large part of
the c¢ylinder putting the usefulness of this approach in doubt for these 1low
incidence cases. The same problem was encountered at 7°. One can conclude, somewhat
unsatisfactorily, that the code only works reasonably well as long as the local lift
values. remain positive.
Tor this configurytion the regular ZEBUS program on a 36X36 grid performed very well
ac ? and 11° contrary to experience with the DFVLR configuration whete a similar
%ﬁd :;iizg SWINT produced poor results. The reason for this is not understood at
» 2 N
The: Balford Separation Medel produced exceptionally good results at g=11°. It would
be worth investigating model constants that were more suitable for lower incidence
s0 that good predictions could also be made in these cases.
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&) _PES. The PNS results were ocbtained using a 10* half vertex angle and so tend to

ffer over the forebody from the ZRUS and SWINT results to be shown later. It can
be seen (r&lSa-lSd) that excellent results are predicted using the Baldwin-Lomax
model of s code, clearly showing that the boundary layer growth is being
predicted accurately.

b)_SMINT. This case made an interesting case study for SWINT calculatione since
initial resuits were so poor that severa: modifications were attempted to obtain
improvemant. Without clipping applied (Fig 16a) the results for C, and C, are
clearly in error particularly as the pitching moment about the nose goes negative.
Applying clipping, although not really designed for this iow incidence application,
does give some improvement (Fig 16b) but C, is still only about 0.2 instead of being
of order 1. Clearly the boundary layer growth is essential for obtaining further
improvexent. To this end a simple linear growth of 0.00495*(x-2.42) was applied to
the body aft of the nose region (x=2.42). This growth was first apylied without
clipping and gave some improvement as shown in Fig l6c. However a much improved
solution was obtained by clipping and also allowing the simulated boundarv l.yer
growth as is shown in Pig 1Ad. This result indicates the* & more sophisticated
prediction of the boundary layer would be worth incorporucing into the inviscid
codes. Only the Mach 4 results were computed for this body.

¢)_ZKUS. The ZEUS results on a 72X72 grid without clipping (not shown) were quite
similar to SWINT results although they did not show quite so much loss in lift.
Results improved somewhat by allowing for boundary layer growth but pitching moment
was still very low indicating insufficient accuracy in the goundary layer
approximation (Fig 17).

Conclugions. Clearly the boundary growth has to be simulated for this very long body
at small incidence. The PNS code automatically computes this with the Baldwin-Lomax
model and is obviously accurate in its prediction.

5. COMCLURIONS .

a) Computationally efficient Euler and Navier-Stokes methods are available for
predicting long body computations in supersonic flow.

b) The PKS code gives a good prediction for incidences uvp to 5* but it is not smo
accuuse at higher values. It was the beat method for the very long Sears-Haack body
at e=2°,

c) At higher incidence and Mach rumber above 2 the SWINT or ZEUS cesults on a coarse
grid with clipping are usually accurete to 1 calibre in centre of pressure
prediction. At Mach 2 none of the methods seemed to be completely reliable.
Extrapolation of coefficients from results at higher numbers may be more suitable.
The Salford separation model, if the separation parameters can be standardised,
looks like a promising technique.

d) The case of the long body with fins produced excellent results with the Euler
codes modified for separation modelling.
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Fig 1. Sketch of Flow Past a Yawed Cone.
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on the DFVLR Body. N=2.21, &=15°.
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NUFA : A SEMI-EMPIRICAL METHCD FOR THE PREDICTION OF
ISOLATED WEAPON AERODYNAMICS

e e s

S. McDougall, A. J. Press and P. S. Barratt,
Aerodynamics and Vulnerability Research Dept.,
Sowerby Research Centre,

British Aerospace PLC,

PO Box 5,

Filton,

Bristol BS12 TQW,

SUMMARY

The NUFA method was developed from the ABACUS
program to provide estimates of weapon
aerodynamic loads when immersed in non-
uniform, as well as uniform, onset flows.
Being semi-empir:ical in nature, the method 1is
relatively simple and inexpensive to use.

The body load prediction method within NUFA
has recently undergone significant
development to both the inviscid and viscous
load contributions including the introduction
of an initial square body capability.

Results from each of these developments are
presented. A feature of NUFA 1s the ability
to provide estimates of body load
distributions. This capability has been
exploited to predict pitch damping
derivatives. A comparison with experiment
demonstrates a first application of NUFA to
aerodvnamic derivative predicticn. The load
distribution facility is further illustrated
by predictions using a non-uniform flow as
input. It is hoped that the flexibility of
the body load prediction method has been
demonstrated.

NOMENCLATURE

Cnq Pitch damping moment coefficient,
Mq/gS{wD/V)D

CN Normal force coefficient, N/qS

Side force coefficient, Y/qS

Body maximum diameter (width)

Body length

Mach number

Damping moment

Normal force

Dynamic pressure

Corner radius

Radius of blunting

Reynolds number based on body

maximum diameter (width)

Reference area, nD2/4

rreestream velocity

3ody diameter {(width)

Axial station

Centre of pressure (positive aft of

moment reference point)

Centre of rotation

Side force

Vertical position of weapon

centreline relative to wing mean

chord plane/pylon base

a Aircraft/wing angle of incidence
(degrees)

4] Weapon total angle of incidence
(degrees)

3 Roll angle (degrees)

@ Pitch rate (rad/s)
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INTRODUCTION

The NUFA semi-empirical store load prediction
method was developed from the ABACUS computer
program (Ref.1) in order to provide a simple
and inexpensive method of estimating weapon
aerodynamic loads when immersed in a non-
uniform onset flow. To date the method has
almost exclusively been used for the
calculation of store carriage and trajectory
loads. The input to the method retains the
simplicity of the ABACUS method. with
knowledge of the weapon geometry and the
surrounding flowfield being required. The
flowfield, in general, 13 ootained from
theoretical methods (eg. 3-D parel or Euler
methods), although experimental flowfields
have been utilised.

The NUFA method, having been originally based
on the ABACUS computer program, has a similar
approach to the prediction of weapon
aerodynamic loads. The method was originally
described by Bizon in Ref.2. NUFA uses a
component build-up technique. The body and
1ifting surface loads are calculated in
130lation., These are then summed with
suitable interference terms to provide
estimates of aerodynamic loads and moments.
The most significant difference between the
ABACUS and NUFA methods is in the prediction
of body aerodynamic loads. NUFA uses a
segmentation approach. The body may be
divided into as many as a thousand segments
(the number of segments being controlled by
the user). The local flow at each segment 1s
used to calculate a load distribution. This
distribution is then summed to provide a
total load. Using this approach, pitching
moment is easily calculated using the moment
arm for each segment. Use of the
segmentation approach thus allows a ron-
uniform flow prediction capability to be
incorporated.

Using Slender Body Theory for calculating the
linear (inviscid) load on portions of the
body which are either expanding or
contracting, releases the method from the
constraints imposed on ABACUS of, strictly
speaking, being applicable to bodies with
either sharp tantent-ogive or sharp or
spherically blunted conical nose profiles.
The body may in fact have a continuously
varying profile. In this case the user
provides the program with the definition of
the body shape by irputting coefficients for
a series of polynom:als.

The requirement to predict the aerodynamics
of weapons when immersed in a non-uniform
flowfield necessitates the incorporat:ion of
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additional terms within the body load
calculation tecnnique. Principally these
terms account for buoyancy and effective
camber, however additional higher order terms
may be included. These body load terms,
which have been incorporated within NUFA,
have been derived by Isaacs (Ref.3) and are
associated with transverse and longitudinal
velocity gradients in the flowfield within
which the store 1s immersed.

Tt is the intention of this paper to provide
an overview of current developments being
applied within the NUFA semi-empirical store
load prediction method. The techniques
described are very recent and consequently
most remain under development. All the
techniques are concerned with the prediction
of weapon body loads, as several research
studies undertaken at the Sowerby Research
Centre highlighted the need for an accurate
but inexpensive body aerodynamic load
prediction method.

Many weapons now necessitate the need for an
accurate prediction of body aerodynamic
loads. For instance, dispenser weapons may
have their lifting surfaces stowed during
carriage. In addition, these types of
weapons tend to have bodies of non-circular
cross-section, which generally provide a
greater contribution to the overall load from
the body than weapons of circular cross-
section. To accommodate these trends within
weapon design, a square body load prediction
capability is currently being developed
within the NUFA method. Whilst considering
this development a strategy was devised
which, when completed, will hopefully allow a
relatively rapid modification of the body
load prediction method for any specified
cross-sectional shape.

In order to produce a program development
strategy, critical features of the prediction
method which require alteration when a new
body cross-section load estimation capability
is required have been identified. For each
of these critical features a development tool
has been or will be produced. The relevant
tools have, however, all been identified.
They are largely theoretical in nature, thus
some experimental data is required for
validation of any modification to the NUFA
method, made as a result of using some of
them. The purpose of their development is to
provide a relatively quick method of
enhancing the range of body cross-sections
for which the semi-empirical method is able
to provide accurate estimates of aerodynamic
loads and moments, without recourse to a
major wind tunnel test progranme.

The body load for uniform onsei flow cases is
composed of a linear (inviscid) and a non-
linear (viscous) term. It is typical for
methods such as ABACUS and NUFA to use
Siender Body Theory to calculate the linear
load with ¢ cross-flow drag calculation
providing the non-linear term. Development
of both of these techniques, within the NUFA
method, has beer undertaken at the Sowerby
Research Centre. For a number of body
geometries the application of standard
Siender Body Theory within NUFA has been
replaced by a new prediction technique which
incorporates modifications to the standard
form of the Slender Body Theory calculatjon.
In addition, the cross-flow drag model has
been significantly developed in order to
enhance the capability of the method to
estimate Reynolds number effects on body
loads.

SCOPE OF PROGRAM AND ACCURACY LIMITS

Rl WL AL L ALDA A

The program, being originally based on the
ABACUS prediction method, 1s largely
constrained to the same geometric and onset
flow limits. The lifting surface and
interference terms are virtually identical
and were detailed in Ref.l., Figure 1
(extracted from Ref.1) summarises the lifting
surface and onset flow limitations of the
method.

When developing the NUFA program the
intention has been to retain the accuracy
limits as applied to the ABACUS program ie.
+5% of body length for centre of pressure
position and t+10% of normal force.

A MODIFIED SLENDER BODY THEORY LOAD
PREDICTION METHOD

Although application of the standard Slender
Body Theory method can provide relatively
accurate estimates of “normal force, the
distribution of force and consequently the
prediction of pitching moment can be
significantly in error. Thus, in order to
improve the prediction of pitching moment due
to the distribution of inviscid load,
modifications to the Slender Body Theory
calculation technique were incorporated
within NUFA. These modifications were also
necessary in order to aid validation of the
NUFA method when predicting the distribution
of normal and side force on bodies immersed
in non-uniform onset flows.

To validate the inviscid calculation,
comparisons are generally undertaken against
predictions from theoretical methods (eg. 3-D
panel methods). It 1s not possible to
extract the various contributions to the
1nviseid load predicted by a 3-D panel or
Euler method (eg. the buoyancy or effective
camber terms) when modelling a weapon body
immersed in a non-uniform onset flow. This
inability to decompose the inviscid load
makes the validation of the NUFA body load
prediction method all the more difficult. By
improving the accuracy of the Slender Body
load calculation technique within NUFA, it
was felt that at least one possible source of
error for non-uniform flows could be removed.
The inviscid load predicted by a panel method
can be decomposed in part by devising certain
special test cases which ensure that at least
one of the inviscid terms are eliminated.
These test cases have no physical
significance to the prediction of weapon
aerodynamic loads, other than that they allow
the partial decomposition of the constituent
parts of the load. By comparing the
predictions from NUFA for these test cases
with the output data from the 3-D panel
method, factors were derived for the
buoyancy, effective camber and higher order
Slender Body Theory terms, Application of
these factors has been found, in general, to
provide an improvement in the calculation of
the inviscid load distribution on bodies
immersed in non-uniform onset flows.

The Slender Body Theory method was modified
such that both the magnitude and position of
the peak nose load were altered on tangent-
ogive nose profiles. Similar modifications
were incorporated for conical nose profiles.
In addition, a carryover from the nose to the
body was incorporated. Although the
prediction of total normal force was
unaltered by these modifications, the
distribution of load was significantly
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improved. These modifications provide a more
accurate prediction of the inviscid load
distribution on bodies with nose profiles
which are either blunted or sharp, conical or
tangent-ogives. For other nose profiles,
standard Slender Body Theory is utilised.

The modified Slender Body Theory methed is
currently limited to Mach numbers below 0.8,
although it is intended to extend the method
to Mach numbers up to 5.0. The load
distribution on bodies with cross-sections
varying from square (r/W=0.0) to circular
(r/W=0.5) may be calculated.

Two examples of th2 improvement in the
prediction of the nose load distribution are
shown in Figures 2 and 3. The load
distributions from both NUFA and a 3-D panel
method are shown for a hemispherical nose
(Figure 2) and a blunted tangent-ogive
(Figure 3). Both configurations are of
square cross-section with an incompressible
onset flow at ten degrees of incidence. The
panel densities for the nose geometries are
shown in Figure 4, Assuming that the
predictions from the 3-D panel method are
nominally exact, then clearly the application
of the modified Slender Body Theory method
provides a significant improvement in the
prediction of the load distribution in botkr
cases, Of note is the accuracy of the
prediction of the double peak in the load
distribution on the blunted nose
configuration (Figure 3).

PREDICTION OF THE PITCHING MOMENT ON BODIES
OF SHORT NCSE LENGTH

Using either the basic or the modified
application of Slender Body Theory, as
deseribed above, will, on its own, be unable
to provide accurate predictions of the
(inviseid) pitching moment for bodies of
short nose length, Despite the fact that the
new potential load calculation can provide
relatively accurate predictions of the
distribution of normal force, the accuracy of
the pitching moment prediction decreases with
decreasing nose length. In terms of pitching
moments on the nose of the body due tc the
1nviscid load distribution, the predictions
may be in error by up to 50%. As nose length
decreases the axial force distribtution
provides a significant contribution to the
pirtching moment. Of course, as the name
implies, Slender Body Theory was never
intended to be a’plied to bodies with bluff
nose profiles.

In order to account for the effect of the
axial force distribution, a factor has been
derived for both blunted and sharp conical
and tangent-ogive nose profiles. The effect
of appiying this correction is shown in
Figure 5. Normal force and centre of
pressure position due to the inviscid load
distribution for the nose only are plotted
against nose length. The predicted data from
NUFA are compared with those from a 3-D panel
method. Examples of the panel densities used
for the nose geometries are shown in Figure
6. Results are presented for a corner
rounding of 0.3, with onset flow of M0.U at
2.5 degrees of incidence. The moment
reference point is taken to be at the nose
apex. The predicted normal force and
pitching mowent fror the 3-D panel method are
assumed, for the purposes of this comparison,
to be nominally exact. The normal force
predicted by NUFA is, as would be expected
from the previous figures, accurate for all
nose lengths presented. However, it can
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clearly be seen that the predicted centre of
pressure position, before the application of
the factor, is too far forward, for the short
nose lengths. The discrepancy decreases with
increasing nose length. The maximum error
occurs at the shortest nose length and is of
the order of 50%. Application of the
pitching moment factor results :in a
substantial improvement in the predicted
centre of pressure position with no change in
the total normal force. Although the data
presented in Figure 5 was obtained at an
angle of incidence of 2.5 degrees, the
percentage error in pitching moment (without
the application of the pitching moment
factor) would be invariant with angle of
incidence. Two and a half degrees of
incidence was chosen only to demonstrate the
need for a pitching moment factor, the
incidence angle itself having no particular
significance.

VISCous BODY LOAD PREDICTION METHOD

The accurate prediction of the viscous load
generated by the body of a configuration can
oe extremely important, particularly in the
high incidence regime within which modern
weapons are required to operate. These
viscous loads, which tend to dominate the
overall body generated forces at high
incidences, can be strongly dependent upon
both Mach number, and particularly, Reynolds
number, as well as other factors such as
surface roughness and freestream turbulence.

A viscous body load prediction method has
been developed within NUFA based upon the
well known Crossflow Drag Analogy (which
reduces the problem to predicting a crossflow
drag coefficient). The method predicts a
crossflow drag coefficient for each body
segment, at which the flow conditions are
known, accounting for the effects of both
Reynolds number and Mach number. Th:is method
can be applied tc any body of c¢ircular cross-
section, at incidences up to 90 degrees, Mach
numbers up to 5.0 and for any flow Reynolds
number. The method basically determines a
characteristic Reynolds number at each body
segment, primar:ily as a function of
freestream Reynolds number and local
incidence. This characteristic Reynolds
number, together with the local crossflow
Mach number, is used to determine the
crossflow drag coefficient at each body
segment.

A comparison is presented in Figure 7 between
experimental data (extracted from Ref.4) and
predictions of the variation of normal force
coefficient for a simple nose~cylinder body
with Reynolds number at 30 degrees of
incidence, at four Mach numbers. The NUFA
method generally predicts the variation with
Reynolds number well, showing tne progression
from suberitical (low Reynolds number) flow
through the critical region to supercritical
flow. The prediction of normal force
coefficient with varying Mach number is of
good quality, clearly demonstrating the
reducing dependence of the viscous loads on
Reynolds number, with increasing Mach number.

Predictions from NUFA are compared with
experimental data from Ref.5 in Figures 8 to
11. Comparisons of normal force coefficient
and centre of pressure position for a
rnose/cylinder body at a low sSubsonic Mach
number are shown at four different Reynolds
numbers. The two sets of experimental cata
are due to the use of two differeut wind
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tunnel models - one painted and pressure
tapped and the other unpainted and smooth.
The no. .21 force coefficients and centre of
pressure .osition are very well predicted up
to 40 degrees incidence. The predicted
characteristics are well within the overall
accuracy target. Above 40 to 50 degrees
incidence the centre of pressure position
tends to be predicted too far aft. The
prediction of normal force coefficient at the
lowest Reynolds number 1S excellent over the
whole incidence range, with the method
predicting well the sudden steepening of the
curve at around 20 degrees incidence. At the
two intermediate Reynolds numbers the normai
force coefficient is somewhat overpredicted
above 50 degrees.

The predictions of body loads and moments,
obtained to date with the viscous model, over
a range of test Reynolds and Mach numbers,
have been encouraging. The method has
provided good results for a range of
configurations up to high incidence.

An example of a body-wing-tail configuration
13 shown in Figure 12. In this figure the
longitudinal aerodynamics of the Sparrow IIf
configuration are presented at three angler
of incidence over a range of Mach numbers.
The experimantal data were extracted from
Ref.6. The NUFA przdictions include the new
viscous body load prediction method, however,
the Mach number range is too high for the
modified Slender Body Theory method to be
utilised. The prediction of both normal
force and centre of pressure pos:ition are
within the accuracy limits of the method,
except for the prediction of centre of
pressure position at the highest incidence
and Mach number. At this combination of
conditions the centre of pressure is
predicted to be too far forward. The
contribution to the normal force from the
body at these conditions i3 very significant.
By modifying the distribution of locad on the
nose (reduction of the peak force and
inclusion of 3 carryover onto the body), it
is expected that the predicted centre of
pressure position would be improved.

PREDICTION CF LOADS ON A BOATTAILED BODY

In terams of body loads the accurate
prediction of boattail loads is extremely
important. The relatively long moment arm
and the fact that the load on the boattail
will form a couple with the nose load, means
that the accuracy of pirtching moment
prediction is extremely sensitive to the
boattail load.

In principle, for conical or tangent-ogive
boattails, the new nose (linear) load
prediction method could be utilised. A
composite load distribution has been produced
in Figure 13 to give some 1ndication of the
quality of the predictions which could be
obtained from NUFA if the new inviscid load
model was ayplied to boattails. The
predicted load distribution is compared with
that from a 3-D panel method. Clearly the
NUFA predicted load distribution is far
superior to that produced by Slender Body
Theory {(Figure 14). Both the magnitude and
position of the peak loads are predicted
well. The error in the position of the nose
peak load as predicted by NUFA is saimply due
to the use of a linear interpolation method
for extracting information from a fixed
dataset. This could easily be cured by
applying a curve fit to the data.

PARPE N aemnen

Application of the new inviscid load model to
the boattail should result in an improvement
in the predicted centre of pressure position.
The NUFA method is, however, currently
limited to using Slender Body Theory on
boattaxls.

Use of the NUFA load distribut.ion (new nose
inviscid load model with Slender Body theory
applied to the boattail), as it stands, would
result in a significant underprediction in
the total normal force and an additional
nose-up pitching moment. Viscous effects are
usually assumed to result in a reduction of
the inviscid load on centracting body
profiles. A simple correction to account for
viscous effects (other than those modelled by
the cross-flow drag method) has been
incorporated. More sophisticated methods
have been examined (eg. Refs. 7 to 12),
however, they are all limited in the range of
configurations to which they may be applied.
A new method based on the load distribution
predicted by the NUFA method is currently
under considerat:ion.

The effect of applying the simple boattail
(1nviscid) load correction is shown in Figure
15. There 1s a significant change in the
normal force and centre of pressure position
due to the inviscid load distribution when
the correction 1s applied. The inclusion of
a load due to the cross-flow drag calculation
shows that an accurate prediction of both
normal force and centre of pressure position
can be achieved throughout the incidence
range. Since at low incidence the NUFA
predicted centre of pressure position tends
towards the inviscid value, the need for the
boatta:l load correction is obvious.

Compar:isons with experimental data for the
bomb body over a range of Mach numbers and
angles of incidence are shown 1in Figure 16.
Given that a simple correction has been
applied to the boatta:il load distribution,
the centre of pressure predictions are very
good. The prediction of normal force 1s
relatively accurate throughout the Mach
number and incidence range presented. except
at the highest incidence where, in general,
NUFA underpredicts the normal force.

PREDICTION OF SQUARE BODY AERODYNAMICS

Provision of a prediction capability for
bodies of square cross-section obviously
involves development of most aspects of a
component 'build up' method. Of concern here
1S the development of the body load
prediction capability. The linear load
calculation technique encompasses a square
body prediction capability up to M0.8. This
has been described above. A cross-flow drag
model (due to Clarkson, Ref.13) has been
incorporated allowing the prediction of the
non-linear aerodynamics. AsS with the linear
aerodynamic model, the techn:que allows an
arbitrary corner radius to be modelled.

In order to validate and a4 development of
square body aerodynam:ic luad prediction
methods within British Aerospace, two wind
tunnel test programmes have been undertaken
to date in order to estrolish an aerodynamic
database for bodies of square cross-section.
The testing has involved measuring i1solated
and installed forces and pressures on a
series of bodies ranging in cross-section
from circular to square. A range of body and
lifting surface combinations have been
tested. 1Indivadual 1:1fting surfaces have
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been instrumented, allowing lifting surface
as well as total configuration loads and
moments to be measured. Measurements have
been taken over a range of incidences and
roll angles. The store geometries are
similar to those tested by Yechout et al.
(Ref.14).

Data from these tests are presented together
with predictions using the NUFA method in
Figures 17 to 19. Figure 17 shows the effect
of decreasing corner radius on the normal
force and centre of pressure position of a
body alone configuration. A consistent
accuracy in the prediction of normal force is
not achieved. For the non-zero corner
roundings the accuracy 1s outside the
acceptable limit for the prediction methed.
The normal force on the square body (r/W=0.0)
1s shown in Figures 18 and 19. Of note in
these figures is the poor prediction of
yawing moment despite the relatively accurate
prediction of side force.

It 1s evident from the comparisons presented
in Figures 17 to 19, that the init:al square
body lecad prediction capability within NUFA
requires further development. In particular,
the method currently lacks both a true
capability to model Reynolds number effects
on bodies of non-circular cross-section and
an interface with the new circular body
cross-flow drag model.

TRANSITION STRIP MODELLING

The vast majority of data used for validation
of weapon aerodynamic load prediction methods
18 obtained from wind tunnel tests. These
tests, in general, rely on the use of
transition strips in an attempt to model full
scalc phenomena. Use of a transition strip,
particularly at low test Reynolds numbers,
can have a significant effect upon the
measured aerodynamic loads. If an attempt is
made to model the configuration at the actual
test Reynolds number using a prediction
technique which does not account for the
presence of the transition strip, then
considerable errors may result.

A short study was conducted at the Sowerby
Research centre incorporating some
preliminary ideas for simulating the effects
of a circumferential transition band on the
nose of a body of circular cross-section.
Modifications were made to thre existing NUFA
Reynolds number dependent viscous load
calculation. Some results from this study
are shown :n Figure 20. Experimental data
were availavle from the square stores
database created by British Aerospace. Using
the actual test Reynolds number, which 1s
well into the sub-critical range (0.2%105,
based on body maximum diameter), within the
NUFA method, results in a substant:ial
overprediction of the normal force. By
incorporating an initial methodclogy for
estimating transition strip effects, the
predictinon of normal force and centre of
pressure position are substantially improved.

No claims as to the generality of the method
are being made. This exercise simply
indicates that the prediction of transition
strip effects may be possible where wind
tunael tests are carried out at low Reynolds
numLers.

e ey 0 ¢ Skt s

AERODYNAMIC DERIVATIVE PREDICTION

Work has recently commenced to investigate
the ability of the NUFA method to provide
estimates of aerodynamic derivatives. Two
methods of pred:icting pitch damping force and
moment derivative coefficients have been
wnvestigated. One of the techniques is based
on a method used in conjunction with the
ABACUS program. This method uses an equation
extracted from Ref.15, Prediction of the
pitch damping moment coefficient 18, using
this method, dependent upon the distribution
of pitching moment. the pitching moment curve
slope, angle of irc:idence and the body centre
of pressure position. Similarly the pitch
damping force coefficient is dependent upon
normal force terms and the body centre of
pressure position. The alternative method
requires a non-uniform flow prediction
capability and, as such, 1s unsuited to a
method such as ABACUS. A pitch rate is
simulated in the prediction method by
applying a linear variation in onset flow to
the weapon model. By predicting the pitching
moment and normal force using this method the
derivative with respect to pitch rate may be
der:ived. In principle this second method
should be capable of providing predictions at
any angle of incidence or Mach number (below
5.0) and allow any offset between the moment
reference point and the centre of rotation of
the weapon. Other aerodynamic derivatives
may be predicted using either the equation or
onset flow based method.

To date the NUFA prediction method has been
applied to two test cases. The results are
shown in Figures 21 and 22, For the
configuration shown in Figure 21, identical
results for pitch damping moment coefficient
were achieved using both the equation and
onset flow based techniques. The
experimental data were extrccted from Ref.16.
The results are seen to be reasonably
accurate throughout the Mach number range
tested. The advantage of estimating damping
derivatives from a method which accurately
predicts the distribution of normal force :s
clearly seen when the results from NUFA are
compared with those of ABACUS. Results for a
body-tai. configuration are shown in Figure
22, for two different centres of rotation.
The comparison with experimental data
(extracted from Ref.i7) is very encouraging,
with the prediction method accurately
estimating the effect of shifting the centre
of rotation. Further validation s required
in order to provide confidence in the
prediction method.

PREDICTION OF AERODYNAMIC LOADS IN
NON-UNTFORH_FLOW

The NUFA method was specifically developed
from the ABACUS program to provide estimates
of store loads «hen immersed in non-uniform
onset flcws.

For weapons installed on aircraft, the non-
uniformity of the flow encountered may be
such that additional load components due to
gradients in the flowfield may be as large as
the inviscid (Slender Body Theory) and
viscous aerodynamic terms. Tt is therefore
important to include components such as
buoyancy and higher order terms.

Typical applications of the method are for
the prediction of underwing and underfuselage
carriage and trajectory loads. The method
has been incorporated within a trajectory
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suite. In this application a 'ghosted'
flowfield is calculated by a 3-D panel
method, the flowfield being calculated only
ence in order to reduce the overall cost of
execution.

In orde to indicate the quality of the
predic.ions of load distribution from the
NUFA method, comparison with predicted load
distributions from a 3-D panel method are
shown in Figures 23 and 24. Both comparisons
are shown for an onset flow of twelve degrees
of incidence at M0.19. The predicted load
distr:butions shown in these figures are due
to the inviscid aerodynamic terms only (ie.
no cross-flow drag). For the purposes of
comparison, the results from the panel method
are assumed to be nominally exact for
inviseid flow. The 3-D pancl method was used
to provide a flowfield for use with NUFA.

The predicted normal force distribution shown
in Figure 23 is for a store body under a
three dimensional, constant section swept
wing. The vertical locations of the store
relative to the wing are shown in Figure 25.
The NUFA predicted load distributions compare
well with those of the panel methcd. Even at
the lowest position the store experiences
some disturbance from the wing since over the
cylindrical portion of the body the inviscad
load is non-zero. -

The side force distributions shown in Figure
24 are for the wing-pylon-store body
configuration shown in Figure 26. The store
positions vary from installed to almost
freestream. Again the comparison between the
predicted load distributions from NUFA and
the panel method are good over most of the
store length., NUFA seems to underpredict the
load aft of the peak nose load. This also
appeared on the wing-store body case (not
shown here) and requires further
investigation, as does the discrepancy at the
rear of the installed body. The NUFA
predicted installed load is very good given
the extremely high velocity gradients
predicted by the panel method around the base
of the pylon. The results clearly indicate
that the NUFA semi-empirical method is
capable of providing estimates of the load
distribution on weapon bcdies of a similar
quality to that obtained by a 3-D panel
method, when a 'ghosted' flowfiel¢ is
utilised. The NUFA method may, however, be
provided with a flowfield from aany uource,
for example, experimental data.

CONCLUSIONS

The NUFA semi-empirical store load prediction
method can provide accurate predictions of
store body load distrabutions in both uniform
and non-uniform onset flows. The method will
provide estimates of aerodynamic loads up to
Mach 5.0. NUFA utilises a combination of
Siender Body Thecry and a cross-flow drag
prediction method.

The method is inexpensive to use in terms of
computing, is simple and flexible, allowing

bodies of arbitrary profile and axisymmetric
cross-section to be modelled by utilising a

polynomial input capability.

The accuracy of the inviscid load
distribution has been improved by
incorporating modifications to the standard
Slender Body Theory prediction method. This
modified method can provide a similar level
of accuracy to that of a 3-D panel method for
bodies of circular or square cross-section

with blunted or sharp, conical or tangent-
ogive nose profilec. Although limited to
subsonic Mach numbers, the method, when
extended, will provide accurate inviscid load
predictions at low cost for Mach numbers up
to 5.0.

A relatively sophisticated cross-flow drag
prediction method has been developed and
incorporated within NUFA. The method is
capable of providing esimates of the viscous
load contribution on bodies of circular
cross-section for Mach numbers between 0.0
and 5.0. The Reynolds number range of the
method 1s unlimited., Comparisons with
experimental data have shown that the method
is able to estimate adequately the &ffects of
varying Reynolds number.

The ability of the NUFA method to provide
estimates of body load distributions has been
clearly shown to enhance the prediction of
the pitch damping moment coefficient on
isolated weapon bodies. As a first
application of the NUFA method to the
prediction of aerodynamic derivatives, the
results presented here are extremely
promising.

An 1nitial square body load prediction
capability has been incorporated within NUFA.
However, comparisons with experimental data
indicate that the cross-flow drag prediction
method requires further development. Thas
will be part of the ongoing development of
the NUFA method which will also include
further investigation of the transition strip
modelling and body boattail modelling
capabilities.
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A SEMI-EMPIRICAL PREDICTION METHOD
FOR MISSILE AERODYNAMICS

by

K.-W. BOCK
Dornier Luftfahrt GmbH, BF20
Postfach 1303
D-7990 Fricdrichshafen 1
Federal Republic of Germany

1. SUMMARY

This paper describes the calculation proce-
dure of the new semiempirical computer code
AAVEX (aerodynamics of air vehicles, extended
version) for the static aerodynamic coeffi-
cients of missiles with a body of revolution
and up to three cross wings. The range of
application is: Mach-number M =< 4, angle of
incidence i s 90°, roll angle arbitrary, and
all fins independently deflectable. Ap exist-
ing program for missiles at zero roll angle
with wings in + position is extended with
respect to the roll angle influence and an
improved front to rear wing interference.
Special emphasis 1is set on this extension
because it is applicable to other zero roill
angle codes and thus might be of genera!
interest.

The whole procedure can be roughly divided
into three different stages:

e calculation for wings in + position at
zero roll angle,

e empirical modification of forces and
moments for wings in arbitrary position,
at given roll angle,

e calculatyon of front to rear wing inter-
ference.

Especially the second stage is based on a
wide data base with systematically varied
cross wings at a body of revolution.

Although the code is new and has still got a
potential for improvement, the examples pre-
sented in this paper well agree with experi-
ments.

2. INTRODUCTION

For the design and the simulation of missiles
it is very important to determine the static
aerodynamic coefficients and the most impor-
tant dynamic derivatives quickly and at low
cost without affecting the accuracy too much.
As long as the roll angle is zero and the
cross wings are in + position, there are many
computer codes available which meet these
demands. One of these is the Dornier program
AAV (aerodynamics .of air yehicles) which is
appticable for Mach-numbers M s 4 and angles
of incidence i s 180°,

for arbitrary roll angles this method uses a
rough approximation which is not able to pre-
dict the roll angle and the corresponding
cross-coupling effects as accurately as it is
necessary for advanced, future air vehicles.
So it was-decided to.develop an extended ver-
sion. of this code which fulfils the new
requirements but keeps the advantages as
there are: wide range of application, high
accuracy for the zero roll case, and low

computation time and cost. With regard to the
cost and the complexity of the threedimen-
sional flow it was obvious that only a semi-
empirical procedure is adequate. There was a
wide base of experimental data available for
systematically varied cross wings on standard
bodies. So it was promising to analyse these
data and to develop a method to extend the
zero roll angle results to arbitrary rolil
angle. This was the basis of the new code
AAVEX which is presented below.

3. DESCRIPTION OF CALCULATION METHOD

3.1 Range of Application

The AAVEX is a computer code for the static
aerodynamic coefficients of missiles. It is
applicable to the following

e geometry:
~ bodies of rotation; different noses
and tails, frustrum,
- up to three cross wings; straight

and cranked leading edges, diffe-
rent profiles, flaps,

- all wing fins independently deflec-
table (comp. fig. 1).

Fig.1: Coordinate System, Attitude Definition,
Forces and Moments
The caluciations are valid for the

e flight conditions (comp. fig. 1):
angle of incidence 0° 5 i s 90°

- roll angle 0° s ¢ < 360°
- Mach-number 0sids 4
- fin deilections 160+11 s 90°

Reynoldsnumber given explicitly or
by flight altitude.

The method is able to predict the
e aerodynamic coefficients of (comp.
fig. 1):

- ;otal forces X, Y, Z and moments L,
s, N

- fin forces Ni, hinge moments My and
root bending moments By

‘o demer
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Two postprocessing programs .are available
for

e trimmed aerodynamic coefficients

¢ dynamic derivatives including cross
coupiing effects.

3,2 General Procedure

The AAVEX 1is the computer code of a semi-
empirical method. This means that theoretical
relations are taken whenever available and
updated with experimental and/or more precisa
theoretical results whenever possible and
necessary. In cases where no theoretical for-
mulas could be found, all kinds of experimen-
tal and theoretical data which were available
and reliable have been used to create empiri-
cal relations by curve fitting and interpcla-
tion. It has been considered to be important
that limiting cases are obeyed, e.g. that
results at angles of incidence i = 0° and
i = 90° etc. are correct. The main principle
is to compose the forces and moments by sum-
ming up the contribttions of ail missile com-
ponents. Thereby interactions between these
components are regarded. This concerns the
fin to fin, the wing to body, the body to
wing, and the front to rear wing inter-
ference. The whole procedure can be roughly
divided into three different stages:

s stage one:
calculation of forces and moments for

all wings in + position at zero roll
angle; only symmetrical defiection of
horizontal fins, front to rear wing
interference neglected so far,

e stage tWo:
mod%f?cation of forces and moments for

wings in arbitrary position at given
roll angle; individual fin deflection,
front to rear wing interference neglect-
ed so far,

e stage three: .
calcultation of front to rear wing inter-
ference.
The following chapters give a survey of these

stages with special emphasis on the 1last
two.

3.3 Missile at Zero Koll Angle with Wings in
+ Position

butions of the different missile components
are superimposed to get the total force and
moment coefficients in the missile fixed
coordinate system (comp. fig. 1).

X-force coefficient: 1)

- Cx*Spef * ,21 CCmdu + Lyl = S

On the basic stage of the AAVEX method the
missile is examined at zero roll angle with
all wings in + position. The front to rear
wing interference is neglected while the body
vortex influence on the wings is regarded.
The calculation method at this stage is
almost identical to that of the original AAV
program which is described in the documenta-
tion by K.-¥. Bock, H. Fuchs, H. Lehra {1].

In this case opposite fins of each cross wing
are always examined together. The following
terminolody shall be used (comp. fig. 1):

o wing planeH: horizontal fins 1 and 3
together

e wing planeV: vertical fins 2 and 4
-~ together

The equations below describe how the contri-

(1)
+ CTB * SB
Z-force coefficient: ?)
< €7*Sper = ,21 Lt * Cngwn)
* Chawivexdu ™ Swi 2]
* Cng * Sg
Pitching moment coefficient: 1)
“Cm * Sref * Xref 3)

= ,il Lyt * Cawivex) ™ Xy

* Chan) * Bxgunlu * S
+ Cmg

*

Xg * SB

The symbols herein are defined as follows:

H index of wing plane H
(fins 1 and 3 together)

v index of wing piane V
(fins 2 and 4 together)

1 wing number

Sref'“],a reference area,
exposed wing planform area,
body cross section area

Xpef. B missile reference length,
’ body reference length
Cwi wing 1 tangential force coeffi-
cient
Cywi wing 1 normal force coefficient

including body to wing inter-
ference (comp. equ.(3.4))

CaWlvtx body vortex influence on the wing
normal force

Cyns isolated body normal force coef-
ficient

Cup(u1) additional body normal force due
to wing 1 (comp. equ.(3.8))

Cra isolated body pitching moment

Axyy rearward position of wing 1 point

of pressure relative to given
missile reference point

1) These equations are valid for cases with-
out fin deflection. If there are fin
deflections, C has to be replaced by
Cyucosd - CTHE%nb and. Cyy has to be
resﬁaced by Cyysind + CTwcosg.
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Axg w1y rearward position of point of
pressure of the additional body
normal force due to wing !

The different force and moment contributions
in these equations are determined semiempiri-
cally by use of methods taken from various
publications. The details will not be
described here because the main topic of this
paper is the procedure for the roll angle
influence which is presanted later. So only
the most essential formulas for the zero roll
angle case shall be mentioned. The wing nor-
mal force including the body to wing inter-
ference is determined by

Cyw = CAE + cf) + cfg?? 2
with the “linear angle of attack par’'"

Cﬁg) = Cyyag * Sina - cos b

. (5)
¢ lcos (a+d)| - KH(B) ,
the *linear deflection part"
cf®) = ¢ s sin 6 - cos a
ﬁw NWa 6)

- tcos (a+8)! - kycp) -

and the “nonlinear angle of attack and
deflection part®

Crsa” = CNH“ « sin (a+d) N
« Isin (a+d)1

The additional normal force acting on the
body due to the presence of the wing (wing to
body carry-over) is determined by

I A T (8)

with the "linear angle of attack part"

c8lwy) = Cywa - Sin o - cos d

. (9)
+ lcos (a+d)l - Kg(y)
and the ®linear deflection part"
c =C <« sind ¢ cos a
ﬁ%(u) NWa (10)

- lcos (a+d)l - kgyy -

The interference factors K  (due to a) and k™
(due to §) for the wing i the presence of
the body (W(B)) and for the wing to body
carry-over (B(W)) are empirically modified
values of the original slender bady theory
factors.

Many details of the Zero roli angle case pro-
cedure are taken from the DATCOM ([2) and
modified, supplemented and updated by help of
further pubiications and experiments whenever
useful and necessary. The other most fre-~
quently used vreports shall be 1listed in
-alphabetical order withdut claiming ~com~
pleteness: W.B, Baker (31, P.T. Eaton (4],
ESDU ‘[5},” L.H.” Jorgenson {63, W.C. Pitts et

al {73, B.F, Safel [8), and R.T: Schemensky

£91.
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3.4 Missile at Given Koll Angle with Wings
in_Arbitrary Position

3.4.1 Mithout Fin Deflection

The AAVEX method is based on systematical
experiments and additional calculations. The
experiments are wind tunnel measurements of
the fin normal force of widely varied test
configurations. They all consist of a cruci-
form wing on a standard body with a 3 caliber
ogive nose. Fig. .2 shows the configuration
TC10.05.10 which is one of this series.

123

aposedwing AR
™

.10
.05
SR =10

¥ig.2: Test Configuration TC 10.05.10

Fig.3: Fin 1 Normal Force Cocefficient versus
Roll Angle; Experiment, no Deflection

In fig. the fin normal force of 1€10.05.10
at the Mach -number M = 1,2 is plotted versus
the roil angle ¢ for angles of incidence
0° s 1 s 40°, The values refer to fin number
1 (comp. fig. 1) which is on top of the body
for ¢ = ~90°, on the right side for ¢ =

and at the bottom for ¢ = +90°., The normal
force variation is characteristic of body-
cruciform wing configurations and well-known
from many publications, e.g. by J.R. Spahr
[10]. For low angles of incidence the fin
normal force steadily decreases to zero when
the fin is rotated (together with the other
fins) from the horizontal to the top or to
the boctom position. The reason is the
decreasing *geometrical angle of attack" of
this fin (a = arc tan (tan i + cos ¢)). For
medium angles of incidence the potential
cress flow of winged circular cylinders
results in an increased normal force on the
windward side while it is decreased on the
leeward side (f£10)). Ffor higher angles the
body vortices and the dead water regions on
the lee side might even convert the sign of
the normal force. This behaviour observed in
fig. 3 depends on the wing geometry, the
forebody, and the Mach-number. Principally it
is always similar, ’

Fig. 4 shows this general fin normal force
variation with the roll angle for cases with
and without fin deflection. Ffor the moment
only the non-deflection case shall be consi-
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{view from the rear)
N CNF i
~ 4 e 4 S
2 .
- ovelic . main L cyclic
| complement region complement

i>0, 8=+{d)
i

i»0, 8=0
]

>0, 5=-1|

Fig.4: Principle of Normal Force versus Roli Angle with and without Fin Deflection

dered. Because of symmetry the Cp(¢) func-
tion, whick is periodical every 36%“. can be
supplemented by rotating the -90° s ¢ s 90°
section arourua the points ¢ = -90° or
¢ = +90°.

Many missile aerodynamic codes, 1ike the ori-
ginal AAV, give good estimations of the
Cy(4=0) value. So the idea was born to use
this value and the zero conditions at
¢ = £90° to approximate the whole perioaical
function Cy(¢) by some Kind of *shape func-
tion*. for Q

were analysed in detail. It was found to be
helpful to introduce the following shape
function:

f(¢4) = Cu(4,020)/Cy(¢=0, 8=0) . (11)

This shape function is plotted in fig. 5 for
the case already examined in fig. 3. It
turned out that the fin normal force coeffi-
cient of a body-cross wing configuration can
be approximated by

Cy(i,6.020) : 12)

= Cy(1,4=0,8=0) + f(¢;i,M,AR,TR,s/R)

with the shape function f(¢) depending on the
parameters

i ¢ -angle of incidence,

M : Mach-number,

AR : exposed wing (opposite fins together)
.= aspect ratio,

"« IRt exposed-wing (opposite fins together)

taper ratio;

‘s/R:';exposed fin span to body radius.

hat all experiments available for
the test configurations already mentioned

113 T

3 J <onfigrabon.  TC 10.05.10
Macheumter W12

14 W dofacion. 3y« O B B . . ")

}
i
(LY Ee— S —
"o £ » % R 2 0 w » £ » ® ‘1“9

Fig.5: Fin | Normal Force Shape Function;
Experiment, no Deflection

The forebody length influence on this func-
tion is significant only for very short fore-
bodies. So it was neglected as well as the
nose shape. The empirical formula for the
shape function is based on experiments,
supplemented by results of more sophisticated
codes for the following parameter values.

¢ {°1 = 90, -8¢, ..., 80, 90

i(°l=0,2,5, 10,15, ..., 45

M = 0.6, 0.8, 0.9, 1.2, 1.5, 2.0, 3.0,
3.5, 4.5

AR = 0.25, 0.5, 1.0, 2.0, 4.0

TR = 0.0, 0.5, 1

s/R =90.5, 1.0, 2.0, 4.0

The range of interest for typical missiles is
covered by this data base. For angles of
incidence i > 45° the shape function can be
approximated by the i = 45° value., The empi-
rical formula is a 6th order Fourier series:

h
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f(¢';1,M,AR,TR,s/R) =
13

kgl Cy(i,M,AR, TR, s/R) + sin(k¢")

with
¢t = ¢ - nf2 (14)

The Fourier coefficients cy can be approxi-
mated as follows:

angle of incidence dependence,

third order polynominal:

c (1iM,AR, TR, S/R) =
. (15)
JEy ki (AR, TR, S/R) - 1=t

Mach-number dependence,

third order polynominal:

Cxi(M;AR,TR,s/R} =
(16)

4
oLy Ckin(ARLTR,S/R) - ym-1

aspect and taper ratio dependence,

second crder twodimensional Taylor-approxima-
tion:

Cxim(AR, TR;s/R) =

(17)
ngl Crimn(S/R) - g, (AR, TR}
with
g, =1 ar = ?*log AR
g, = ar tr = TR - 0.5
g, = tr
g, = ar?
gs = tr?
g = aretr

span over body radius dependence,

1inear interpciation between:
¢y (s/R=0.5), cy(sR/=1.0),
Cy(s/R=2.0), cy(s/R=4.0),

The coefficients Cyypq of equ.(17) are stored
in the AAVEX code in DATA-statements for the
span to body radius points of support
</R = 0.5, 1.0, 2.0, 4.0. Fig. 6 shows the
“ape function empirically approximated for
wne same case as in fig. 5 where the expe-
rimental values are presented.

(T -3

£ | coofigumion. TC100510
Machrumber Mo 12

14} womectn 3.0

Fig.6: Fin 1 Normal Force Shape Function;
Empirical, no Deflection

for body tail configurations without fin
deflection equ.(12) &lready gives the final
results for the fin normal forces at arbitra-
ry roll angles. In chapter 4.1 such an
example can be found.
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3.4.2 With Fin Deflection

If the fin under consideration is deflected,
the roll angle influence becomes more compli-
cated than in the non-deflection case des-
cribed above. This can be seen in fig. 7 and
fig. 8 which differ from fig. 3 on‘y by a
positive and a negative deflection (& = 220°)
of fin number 1 (other fins not deflected).
The curves are shifted to higher (3 > 0) or
lower (6 < U) Cy values. Due to the noniinear
1ift characteristics of the fins and the
complex interference this shifting depends on
the angle of incidence and the roll angle. So
the “shape function* of the non-deflection
case cannot simply be applied.

18 [T e e
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Fig.7: Fin | Normai Force Cocfficicnt versus
Roll Angle; Experiment, &) =20° Deflection

"
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Fig.8: Fin I Normal Force Cocfficient versus
Roll Angle; Experiment, 61 =-20° Deflection
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Fig.9: Fin I Normal Force Coefficicnt versus Roll
Angle; Experiment, 61 =0°,220° Deflection

Fig. 9 combines curves of fig. 3, 7 and 8
(7 = 0°, 20°; & = -20°, 0°, 20°) to show the
characteristic influence of a fin deflection
on the Cy(¢)-curves. These curves are
abstracted and used for the principle sketch
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of fig. 4 which shall help to find a general
approximation procedure. If the angle of
incidence is i # 0, any positive (+181) and
the same negative (-161) deflection in
general cause dfifferent increments to the
normal force. Only at ¢ = *90° the fin effi-
ciency is the same for positive and negative
deflections. By analysing the available data
base an "efficiency modification factor® h(i)
was developed to give a simple approximation
of the fin efficiency in top (i > 0) or bot-
tom (1 < 0) position:

Cy(i, ¢=£90°, §) =
Cyli=0, 8) - h(xlit) .

(18)

h(1) was found by a least square approxima-
tion of the whole data base without respect
to the special geometry and Mach-number. This
will be improved in the future.

Using the conditions at ¢ = 0, the *shape
function® of equ.(12) and the "efficiency
modification factor* of equ.(18) a new method
has been developed to determine the general
Cn(i,¢,8)-function, First the following ¢ = 0
values are calculated by the zero-roll angle
method described in chap. 3.3 with all wings
in +position:

L ey = cyp (i=0; 8:=+181), (19
2. off) = oyp (g ¢=0, B:=+181), (20)
3. C{7) = Cyp (i 920, 8:=-181). (2D)
Knowing these values and using equ.(18) four

points of the & > O-curve can be determined
in the interval -90° s 270° of fig. 6:

cf®«nc-iry; ¢ = -90°
o e 0
Cyp(i, 820) = 0 (22)
c§-nc+id: ¢ = 90°
) ;¢ = 180°

These points are connected by a periodic
function that takes care of the shape, which
must be similar to that for &§=0 ("shape
function® f(¢; 1)), and that includes the
limiting cases i#0, 9=0 (equ. (12)) and i=0,
¢#0 (Cy(9) = const.). The result is:

Cypling,620) = +c{M*q(i,¢)

determine C , and C for each
deflected fin, is indepen oy of 6 rd
so identical for all four fins. C§+ and c;
depend on 0. Thus they might be different for
each fin because & might be different. These
*basic normal force coefficients® are deter-
mined like in the orfiginal AAV for the mis-
sile at zero roll angle with all wings in +
position and with and without symmetrical
deflection of the horizontal fins.

The method n?ﬁf? thxgg ¢=0-cal gkat1ons to
cyo

Equ.(23) is a periodic function through
points of support which are based on ¢ = 0-
cases for a cross wing on a body. So the
“basic coefficients* have to include body
vortex effects. For that an empirical body
vortex pair is assumed starting at the body
nose shoulder for the front wing and another
pair starting at the front wing traiiing edge
position for the rear wing (fig. 10). For the
calculation of the body vortex influence on
the wing compare chap. 3.5.2 (same method).

Fig.10: Vortex System for Body to Wing
and Wing to Wing Interference

Summing up the body and wing components for
the total force and moment coefficients 1in
this more general ¢ # 0, & ¢ O-case leads to
equations different from equs. (1 to 3). Due
to the roll angle, unsymmetrical fin deflec-
tions, and cross coupling effects there might
be a side force, a yawing moment, and a
rolling moment in addition.

+ eg-c§0rxcoseHe + (T +c§0N ) sintugd ~ Flos 1)

Cyr(ing,850) = -c{O*q(i,9)

s reef 40y cos e + (Cf)-c{ON)*sinened * £ig; 1)

with the abbreviation:

h(-i)*sin?¢ + cos'd; sing s O
g(i,$) = (24)
h(+i)*sin?¢ + cos?¢; sinp 2 O

The limiting cases mentioned above can be
easily verified.

(23)

3.5 Front to Rear Wing Interference

The method described so far presumes isolated
cross wings at a body of rotation. So the
body vortex influence is included, but the
front to rear wing interference still has to
be determined. For that an approximation
method was developed. It can be roughly
divided into two steps:

-
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. shedding of fin vortices at the front
wing trailing edges (due to linear
1ift) and above trailing edges (due to
nonlinear 1ift), tracking them together
with empirical body vortices of varie-
b}e strength to the rear wing posi-
tion,

. calculation of front winj vortex
influence on rear wing normal force.

3.5.1 Shedding and Tracking of Vortices
between Wings

The body vortex influence »n the rear wing 1s
already included so far ’in “basic coeffi~-
cients® of equ.(23)). Nevertheless they are
still important for the path of vortices
leaving the front wing., So body vortices are
shedded along the midbody t(between front and
rear wing). The local strength is empirically
?edgced from the body loading after D. Jacob
111.

Then fin vortices are shed at the trailing
edge position of the front wing. The total
strength is calculated from the fin loading
and divided into a linear (due to linear
11ft) and a nonlinear part (due to nonlinear
1ift). One ™ponlinear vortex" with the non-
linear part of the vortex strength is shed
above each fin trailing edge to simulate the
rolled up leading edge vortex. The number of
*linear vortices* per fin is given by program
input. If muitiple "linear vortices" are shed
from each fin, they are assumed to be of
equal strength and their properties are
determined for elliptical loading. The method
%ag] be found in the book of J.N. Nielsen
121,

For the vortex tracking a twodimensional flow
in each cross plane is assumed. At the loca-
tion of each front wing vortex the velocity
components v and w are calculated. For that
the velocities induced by all other fin vor-
tices, the body vortex pair, the image vor-
tices inside the body, and by the body cross
flow are calculated and summed up. These
velocity components are used to determine the
displacement of the fin vortices on their way
downstream by integrating

dy/dx = v/V, and dz/dx = w/V4 (25)
This method is described by J.N. Nielsen
[12). In the AAVEX the integration of equ.
(25) is done by a Runge-Kutta method.

The twodimensional consideration of the cross
flow becomes wrong with the angle of
incidence increasing. But in this method it
is guaranteed that for higher angles the body
cross flow becomes more and more dominant
over the vortex induced contributions, which
become wrong. Due to that the front wing vor-
tices more and more follow the streamlines
without influence of other vortices for
increasing angles,

3.5.2 Front Wing Vortex Influence on Rear
¥ing =

To determine the interferente on the rear
wing, first for each rear wing an “equivalent
induced, -angle of attack® is estimated by
integrating the 16cal fin load in the follow-
ing way "(e.g. for fin 1):

10-7

tan(dagy) = Ve Ve = (26)

= 1/(VQ'CNGF1) .
{1 Evey(y) « ccpyr(y)

* VRt ey ly) v eaqj
*vp3ly) e y) ¢ egpp

+ vegly) - CCypu(y) - eadj] - d(y/s)
Analogous equations are used for the other
fins. The expressions used herein are:

V£, 2,3,4W) velocity component vertical to
fins 1 to 4 1induced by the
front wing vortices and their
images at the spanwise posi-
tion y

CCipp,1,ulyY)  span leading coefficient for a

cross wing fin:

index r: due to unit incidence
on fin itself,

index u: due to unit incidence

on adjacent fins,

due to unit incidence

on opposite fin

reduction factor due to reduc-
ed infiuence region in super-
sonic flow:

index adj: adjacent fin,

index Japp: opposite fin

Cha coefficient of fin normal
force slope at zero ang'e of
incidence

index 1:

€adj,opp

This equation was developed for small angles
of incidence and small induced angles using
the siender body theory and the reverse flow
theorem. It 1is described 11n detail by
J.N, Nielsen et al, [13]. Integrating the
root bending moment loading analogous to equ.
(26) allows to approximate the "“point of
action" of the induced interference force.

To determine the induced normal force, equ.
(4) is used twice for each fin: first with
i = ag and secondly with i = ap + Aag, where
ap is the "geometrical angle of attack” and
Aap is the induced angle of attack of equ.
(26). The difference gives

Chrint = Cypli=ap + Bagy,. 620, op)
3 $=0, 6¢)

27
- CNF( i=GF

This completes the final total
moment coefficients ov the missile.

force and
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4. EXAMPLES
4.1 Body~Tail Configuration

Fig. 11 shows the fin normal force coeffi-
cient of a bhody-cross wing configuration
(referred to Ap,¢ = nD2/4) versus the angle
of incidence at gxfferent roll angles for the
Mach-number M = 2.36 in comparison with
experiments of reference [14). The rol! angie
varies between ¢ = 0° (fin 1 horizontal) and
¢ = -90° (fin 1 on top of body). The ¢ +# 0
cases in the AAVEX are based on the ¢ = 0
curve, So the accuracy is limited by the zero
roll accuracy. Even these values are diffi-
cult to predict, because they are influenced
by the body vortex system which sensitively
depends on the Reynolds-number and the
experimental conditions. Nevertheless the
results, especially the roll dependence is
sufficiently correct.

4.2 Body-Wing-Tail Configuration

Test calculations were made for the body-
v&gg-talil configuration hFRLZlB of reference

. Its geometry is shown in fig. 12. In
figs. 13 and 14 the pitching and roliing
moment coefficients of this configuration are
plotted versus the angle of incidence for
roll angles 0° s ¢ $ 45° and the Mach-number
M= 2.5, Ch is the coefficient of the pitch-
ing moment 'in a “balance coordinate system"
where the y-direction is horizontal and the
x~direction is the body axis. Both coeffi-
cients are referred to l,.,¢ = D and
Apes = mD2/4,

Although there are considerable cross-flow
effects and strong front to rear wing inter-
ferences, the roll influence on both moments
is sufficiently predicted. The 1lar-est
distance between the predicted and measured
rearward point of pressure (not explicitly
shown) is below D/3. The same good agreement
was found for all other tests of this confi-
guration presented in reference [15] between
M = 0.7 and 3.1.

5
Cm Oad5°
0 R e ama
o JU S ] o
\‘?~~~_
o .
-@:a%
P, S \ 22°
) =
~.
0 =~ LS 3
S~ N
[M=25] ~ ~J
\\({\\
5 B
———. AAVEX \\\oo
iy
0 P985, reterence 15 e
5 0 5 10 15

il
Fig.13: Pitching Moment of Body-Wing-Tail
Configuration FRL 218 (reference [15])

— AAVEX -
=== Experment (NASA 81737, reerence (14])

Fig.11: Fin 1 Normal Force Cocfficient of a
Body-Tail Configuration

FRL218 IFFAY"M{‘% 83430 r /— l
R e ST T b — e — B2 3
¥
\_ i
135 4 5 [
2
Moment center
Fig.12: Body-Wing-Tail Configuration FRL 218
(reference [15])
05 }
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0 ©nd5° |2 20
w7 A
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0 TR 1 /
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0 e - Cd
= v A// 11,
-
_—’W
o ety B e
[} w:af—wo.
M 25
08
——w. AAVEX
—O—m E:?edmm
a5 (FFA TN AU-988, relerence [t5])
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Uyl

Fig.14: Rolling Moment of Body-Wing-Tail
Configuration FRL 218 (reference [157)
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4.3 Body-Canard-Wing Configuration

The third example is the canard controlled
misstle of fig. 15. The experimental results
at Mach-number M = 2.5 are taken from refer-
ence ([16]. Figs. 16 and 17 show the normal
force and pitching moment coefficient versus
the angle of incidence without fin deflection
at zero roll angle. Both values are expressed
in the body fixed coordinate system of fig., 1
and referred to Apos = nD?/4 and Y,.,6 = 0
(moment only). The experimental values, which
are available up to i = 18°, are well pre-
dicted by the AAVEX. The dashed curves repre-
sent the AAVEX method without canard to wing
interference., Obviously there is a downwash
effect which reduces the rear wing normal
force. Especially for the pitching moment
this contribution must not be omitted.

361 - N

Cn e e e e
body-canard-wing configuration
324+ Mach-number. M =25 .
roll angle: o x=0° -
fin deflechion:  § = 0°
28 . + B . . P}
24 ;- - - -
4 - - ; e e .
20 - R S i
164 o - . .
124 - . -
8 e e - N
4 - —a— Exp t (ref [}
—pD— AAVEX
44 ¢ —-—0-— AAVE X (without
.- canard-wing interference}

0 4 8 12 16 2 24,42
Fig.16: Normal Force of Body-Canard-Wing
Configuration; $ =0°, § =0°

36~ R Al
S oy L
body-cs1ard-wing configuration’
324~ - Mach-numbet. M= 25 CR

+ roll angle: 6 =0Q° I
fin deflection: & = 5°
284 « - 1 0 e a-

+4-

24 4 - oo - -

Lo, S
20 4o - §

foe - .
164 = s . .

¥ S— P
124 -~ .

i NP Y/ : . e
84— - - ' g R

- Li- -+ ——a— Experiment (reference [16]))
, - = AAVEX

Anrarftmtt o AAVEX (without

A e I canard-wing iterference)
I T T T o

o 1 : T T ¥ T 7 O L] T T —r LIl

(] 4 8 12 16 20 24,428
Fig.18: Normal Force of Body-Canard-Wing
Configuration; ¢ =0°, §=5°
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Canarg Controled Musie (NASA TP 2157,
refecorce [16])

19087 509
lo2r2 , 262 2964
o788
O Y.
2281
4 —‘mo 2138
K= T T — e L)
SN ¥ f
1500

Fig.15: Body-Canard-Wing Configuration
(NASA TP 2157, reference {16])

Cm ‘I
0
—a— Expenment (reference {16))
20 —~{}= AAVEX
) —=0~— AAV E X (without
p . canard-wing interference)
-40
£04 - - -
-80 A -
-100 4- - .
A204 1 e v v e s e s
bedy-canard-wing configuration
1 Mach-number. M=2 5
+140 4 roll angle: o=0°
fin deflection®  § = 0°
-160 - S R\
= "1 T 1 T

0o a8 ' 12 6 20 24,2
Fig.17: Pitching Moment of Body-Canard-Wing
Configuration; ¢ =0°, § =0°

——aq— Expenment (reference [16])
—a— AAVEX
¢ == AAVE X (without
canard-wing interference)

Y
-40 -
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body-canard-wing configuration
~120 - Mach-number. M =2.5
4. . _rollangle. e=0°
fin deflection: &= 5°
4404 - i el . s
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'
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0 4 8 12 16 20 24,428
Fig.19: Pitching Moment of Body-Canard-Wing
Configuration; ¢ =0° 6=5°
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' body-canard-wing configuration, .
324 - Mach-number: M =2.5 o

1. ... rolfangle: o = 45°
+ findeflection. &=0°
T P ot

' f i 1 1
i '

H
i
H
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¥
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. ' /,
N v e 7//.
20 - . DU A S
164 - - .
124 . - -
84~ - . . o1

{ —a— Expenment {reference [16))
—= AAVEX

T =O~=~ AAV E X (without

canard-wing interference)

0 4 8 12 16 2 24,428
Fig.20: Normal Force of Body-Canard-Wing
Configuration; ¢ =45°, §=0°

In figs. 18 and 19 the normal force and
pitching moment coefficient are plotted for
6 = 28° deflection of the two horizontal
canard fins. It can be seen that about half
of the canard deflection efficiency is the

result of the canard to wing interference.

In figs. 21 and 22 the normal force and
prtching moment coéfficient (in the "balance
coordinate system") are presented for ¢ = 45°
without canard deflection. Now at angles of
incidence i 2 10° the agreement between AAVEX
and the experiment is not as good as for
¢ = 0 but still sufficient. The maximum
pitching moment deviation corresponds to a
point of pressure deviation of Axcp = 0/2.
The front to rear wing interference Seems to
be overpredicted at medium angles of inci-
dence, when the vortices of the lower canard
fins (x-position!) pass the upper rear wing
fins at a short distance. Further examina-
tions concerning e.g. vortex dissipation and
bursting are planned and might lead to an
improvement,

5. CONCLUSIONS

The new computer code AAVEX (aerodynamics of
air yvehicles, extended version) has been
created for the aerodynamic forces and
moments oOf cross wing missiles with all
deflectable fins at arbitrary roll angles.
For that the well-approved zero roll angle
code AAV has been exteaded to include the
correct roll angle influence. The following
experiences of this development are of spe-
cial interest:

e for the body to cross wing and the fin
to fin interference, a2 new empirical
. “shape function” has been developed from
a wide systematical data base of experi-
ments and calculations. This function
allows to modify zero rol}) angle resuits
of body-cross wing configurations for
arbitrary roll angles. The fins might be

“deflected independéntly, .
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——aq—— Experiment (reference {16))
—3— AAVEX
—©— AAVE X (vithout
canard-wing interference)

r

'

PRI

B (i S . ey
-80 4 .
-+ - [y
-100 4 .
body-canard-wing configuration
+120 4 Mach-number: M =2.5
E roll angle. 0 = 45° .
fin deflection:  §=0° )
404 - 0 0 .0
N
B N N ]
[ 4 8 12 16 20 24 e 28

Fig.21: Pitching Moment of Body-Canard-Wing

1

£21

33

(43

Configuration; ¢ =45°, § =Q°

The front to rear wing interference can
be approximated by shedding leading and
trailing edge vortices from the front
wing, tracking them together with mid-
body vortices to the rear wing, and cai-
culating equivalent induced angles of
attack for all rear wing fins.

The results of all test calculations are
sufficient although the computation time
is short.

The accuracy might decrease in cases
with strong vortices passing fins at a
short distance or when vortex dissipa-
tion and bursting is likely. This wil)
be improved in the future.

The method is applicable to most zero
roll angle codes which thus can be
extended to arbitrary roll angles.
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RODYN G _CHARACTERI cS CYLINDRICAL BODIES
WITH POINTED AND TRUNCATED CONICAL NOSES N
r
v. a1
Istanbul Technical University
Faculty of Aeronautics and Astronautics
CITV Ugak ve Uzay Bilimleri FakUltesid
80626 Maslak,Istanbul
Turkey
1 SUMMARY d, : body flat-nose diameter
The aerodynamic characteristics of d,7d nose bluntness ratio
cylindrical bodies, with pointed and £C0 : no~mal force distribution
truncated conical noses, are investigated 2 - tetal body length
experimentally and theoretically, at a low 2z nose length
Mach number, over the range of angle of n
attack from O to 20 deg. The Reynolds < + reference length ¢ =¢)>
number, based on the maximum body diameter, M pitching moment
is about 4.1x10". The surface-flow M freestream Mach number
visualization is perfermed by applying the @©
oil method The balance measurements are Me : crossflow Mach number
made by using a sting-type strain-gage ¢ =M sina >
balance which is designed and constructed L
under the project T40 of FDP of AGARD. The N - normal force
results of the balance measurements are 9y - freestream dynamic pressure
compared with the potential theory and the c=iov? >
method of viscous crossflow analogy. It is 2 «©
observed that the method of viscous R : local body radius
crossflow analogy is applicable to the Re : Reynolds number based on the
- ecylindrical bodies with pointed and maximum body diameter
truncated conical noses even at high angles V3
of attack, unlike the potential theory. The < = ” >
nose-cone angle and the bluntness are the
parameters affecting the flowfield around Re , : crossflow Reynolds numoer
and the aercdynamic characteristics of a s V sina d .
pointed or truncated cone-cylinder body. based on d , ¢ =—2% 2.
L]
2, LIST OF SYMBOLS s éoca]é c)ross sectional area
=n
Sb body base area
A i axial force s nose planform area
CA Cor CAY : axial force coefficient e
¢ = A 3 s total body planform area
. - g P
w0 r D 2
CD : drag coefficient ¢ =-—q§:— > ¢ = fakdx 5
o
Coo : drag coefficient at a=0 deg Snp/Sp nose planform area ratio
C : crossflow drag coefficient nd®
d s : reference area ¢ = >
c : crossflow drag coefficient of T
de s body flat-nose area
circular cylinder section t
¢ "y fficient ¢ i 5 Vm freestream velocity
. : coefficlien =
; L C ¢ 5
g r w : body volume ¢ = [ nR°d« >
N C“ Cor CM : pitching moment cocefficient >
. C= M 3 x - body axis Cax$al distance from
: 9™r “r body nosed
3 €, Cor CN) : normal force coefficient x, : axial distance from body nose
¢ N
% C = b to centroid of body planform
¢ qmg, area
H cXCP : location of center of pressure Xep i axial distance from body nose
& in dimensionless form to center of pressure
é C =x /) Clocation of center of
é cp pressured)
= D : drag X + pitching moment center Caxial
d : maximum body diameter ™
4 Cdiameter of the main bodyd distance from body nose to
d : diameter of cylinder pitching moment centerd
- x 7¢ : leccation of center of pressure
corresponding to missile bt
é‘ =523 in dimensionless form {
& - X , % b
: Assoc. Prof., Ph.D., Member of AGARD FDP, ¢ =CXCP= ——p— = e D : 3
g Senior Member AIAA. N i
1 :
£ +
§ s
i
B3 T e - - -




a : angle of attack

P © density of air

v : kinematic viscosity of atir

n correction factor for
influence of fineness ratio

on ¢,
e : nose cone angle
3. NTRODUCTI ON

The flowfield around, and, consequently the
aerodynamic characteristics of a missile
depend on the geometrical shape of the
missile as wel} as angle of attack, Mach
number and Reynolds number. The flowfield
around a missile starts to develeop from its
nose. Therefore, the entire flowfield
around a mussile is naturally under the
influence of the geometry of the nose.
Cylinders and cones are the major
geometrical forms used widely in missile
configurations as main bedy and nose
respectively The discontinuity in the
slope of the body surface, between the
conical nose and the cylindrical main body
(the nose-main body junctiond, causes a
circular flow separation at zero angle of
attac} (1), This flow separation is
modified with angle of attack and becomes
more cemplex (13,

The experimental and theoretical techniques
for missile aerodynamics are outlined in
some of the recent publications [2-6)
presenting many works. Atli (1) has shown
that the geometrical complexity of a
missile strongly affects the flowfield
around it and its aerodynamic
characteristics. However, systematic
studies are necessary to investigate the
effects of geometrical modifications such
as the nose geometry. On the other hand, it
is necessary to verify the applicability of
some theoretical and empirical methods,
such as the method of viscous crossflow
analogy for the calculation of the
aerodynamic characteristics of different
configurations.

In the present work, the aercdynamic
characteristics of four pointed and two
truncated cone-cylinder bodies, are
investigated experimentally and
thecretically at a low Mach number, over
the range of angle of attzck from O to 20
deg. The Reynolds number, based on the
maximum body diameter, is about 4.1x10%,
Surface-flow visualization is performed by
applying the oil method at the angles of
attack a=0 and 20 degs. Hence, the fiow
separations on the bodies are investigated
qualitatively Balance measurements are
made, over the range of angle of attack
0fat20 deg. by using a sting-type
strain-gage balance which is designed and
constructed under the project T40 of FDP of
AGARPD. The results of the balance
measurements are compared with the
potential theory and the method of viscous
crossflow analogy.

4. DESCRIPTION OF MODELS AND EXPERIMENTAL
TECHNIQUE

The configurations of the models are
presented in Fig.1. The first four models

d-I--[-—r::s e s e s - 3B

~—% MODEL

T —————

‘r 3d 5.33d
VY ee—— | 1
i 3A
4d 4.33d
Ty mp——
7.33d
le 2d 5.33d N

€.83d
L15d | 15d. 5.33d
o
e waliy ~—=—1 3C
d
Fig.1 Models ( d=30mm for flow

visualization models, d=60 mm for
balance measurement models.)

C(Models 1A, 2A, 3A, 4A) are pointed
cone-cylinder bodies with the same fineness
ratio, 4/d=8.33, but with the aifferent
nose cone angles, =853 1, 28.1, 18.9, 14.3
deg. (with the different nose fineness
ratio €(6=1; 2, 3, 40 for the Models from

1A to 4A respectively. The last two models
CModels 3B, 3C) are the truncated versions
of Model 3A with the different nose

bluntness ratio, dt/d=0.33. 0.80 for Models

3B and 3C respectively. The maximum
diameter (the diameter of {he cylindrical
main body) of the flow visualization
models, d is 30 mm. The dimensions of the
models used for the balance meazurements
are twice of those used for the flow
visuvalization. However, the configurations
are the same for the balance measurements
and the flow visualization tests. Some of
the geometrical characteristics of the
configurations are given in Tab.1.

The surface flow visualization Lests are
performed by applying the oil technique, in
order to observe the flow separations eon
the bodies. These tests are conducted in an
open-circuit wind tunnel with a test
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Tab.d Some of the geometrical characteristics of the configurations

Nose [|Total fineness|Nose finenessmose planform] .Nose cone Noseblumnessl

Model Type rzutio rLuIMo area ratio angle ratio

'd d 0,deg. d,ld
1A | Ponted 833 1 0.064 531 0
2A | Rinted 8.33 2 0136 28.1 0
3A pointed 8.33 3 0.220 189 0
4A | rointed 8.33 4 0.316 %3 0
3B | truncated 7.33 2 0250 18.9 033
3C tr%%%ceted 688 15 0174 18.9 0.50

section of E0x850x200 cm at the freestream
velocity V°°=20 m s and at the angles of

attack a=0 and 20 degs. The Reynolds
number, based on the znaximum bedy di ameter,
is Red=41067 (=4 1>107). The photographs of

the flow visualization are taken by a
camera from cne side during the tunnel run.

The aercdynamic force and moment
measurements are made in a closed-circuit
wind Lunnel with a test section of
80Ox110x162 cm, over the range of angle of
attack 0fo<20 deg. The freestream velocity
in these balance measurements, Vm. is 10

m’s which is the half of that in the flow
visualization tests. However, !.h‘e Reynolds
number is the same as Redsr&.lxlo since the

dimensions of the models used in the
balance measurements are twice of those
used in the flow visualization.

The ansirumentation of the balance
measurements 1s sketched in Fig.2. As seen
from this Tigure, a sting-type, strain-gage
balance, which is designed and constructed
under the project T40 of FDP of AGARE, is
employed with a data acquisition system.
The data acquisition system consists of a
six-component signal conditioner /ampiifier
(Measurements Group, System 2100, a
multi-~channel data acquisition unit
CValidyne, Model DA380) and a personal
compri.er CGoupil G40) and a line printer
CEpscn FX-1000>. Although the balance has
six components only three components
{normal force N, axial feorce A, and
pitching moment M are considered in the
balance measurements. The calibration data
of ‘hese components are plotted in Fig.3.
The sensitivities of the balance components
of A, N and M, with no amplification and
for a 1 Volt excitation, are 0.179
HVCgrixnVd, 0.188 uvV/C(gr»Wd, O 046

HV/ griaemny) respectively. The accuracies
($200 of the same components of the balance
are 2.1 grf, 21.8 grf and #18.4 grfxn
respectively. The balance and the data
acquisition system are operated with an
excitation voltage E of & Volis and an
amplification ratio of 4000.

A data acquisition and reduction program in
“Basic' is developed and employed. In the
data reduction, the aerodynamic force and

ettt e = b e S e e - .

[+
Signat Data
?fd"’::o"f; ugq:usmod Printar
un..
£ ® >} @

Fig.2

OO ® OO0 OO

Model

6-Component sting-type strain-gage
batance

Sting support
Angle of attack mechanis m

Signal condition. and amplifer system
( Measurements Group System 2100)

Multi- channel data acquisition unit
( Validyne, Model DA380)

Personal computer ( Goupil G40)
Line ~printer { Epson FX-1000)

Instrumentation of the
balance measurements,
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Figure—3 The calibration graphics of the balonce

moment coefficients CCA. CN.« Cu) and the

location of the center of pressure

x X C
CCeXCP=—SE= T - M_> are determined

[4 [4 CN

for the different angles of attack. Here,
the pitching moment i{s refered to the nose
tip point of the model. Then, the
variations of C“. c., C" and xcp/t with

A
angle of attaci. a are plotted. These plots
are presented in Section 6 together with
the theoretical results.

8. THEORETICAL BASIS: THE METHOD BASED ON
THE VISCOUS CROSSFLOW ANALOGYLOGY

At z2n angle of aliack greater than a few
degrees, the flow around a body of
revolution, even of simple-type, separates
from the lee-side of the body because of
the effects of the viscosity and rolls up
to form vortices in the leeward flowfield.
This large-scale leeward flow separation
produces a large increase in the normal
force distribution reducing the lee-side
pressure. The variations of the aerodynamic
loads with the angle of attack become
nonlinear.

Although the potzntial theory is sufficient
at small angles of attack, it is necessary
to consider the effects of the leeward flow
separation at high angles of attack. For
this purpose, some certain theoretical and
empirical methods have already been
developed (7). Unfortunately, the
theoretical methocds have large
computational requirements {73. In the
viscous crossflow analogy, which is an
empirical method, an empirical term
representing the viscous leeward flow
separation is added to a term representing
the potential theory for the normal force
and pitching moment. This relatively simple
method was originally proposed by Allen
(8,9} and has succesfully been applied to
simple-type bodies of revolution in many
studies {§-20). This method has recently
been applied to some complex bodies of
revolution, by Atli [1). The comparison of
this method with the available experimental
data has shown 2 good agreement not only
for the simple-type bodies of revolution
(14,16,19,20) but also for the complex cnes
1), even at high angles of attack.

S e e e et e e s npn o

The method based on the viscous crossflow
analogy is explained in Ref 1 in devail 1In
this method, the crossflow around an
inclined slender body is treated
independently from the axial flow, and the
effects of the viscous leeward flow
separation are considered by the viscous
crossflow analogy. According to the viscous
crossflow analogy, the crossflow around a
slender body, moving at the velocity Vm'

with the angle of attack a, is similar to
the two dimensional flow around a

corresponding circular cylinder moving at
the velocity Vmslnct [7.9,4,13. Hence, the

normal force distribution on a body of
revolution of a finite length ¢, movang at
the velocity V and with the angle of

attack o may be expressed as
- ds ., o
{0 = qmc—ax—o_.! naacosz

+ @ne, (ORq s1 n*a 1)

where the first term on the right hand side
comes from the potential theory and the
second term is the contribution of the
viscous leeward flow separation From Egn.1
the normal force coefficient

<
€= Nfq SDO= ‘J;f(x)dx / €a,S>
and the pitching moment coefficient about
an arbitrary point on the body axis with an
axial distance x_from tL2 nose

C, = Mf(q S ¢ D= z)[ £6OCx ~sddx / €q,S.2>
may be derived as

S -s s
= b "t a P 2
CN [T—]sinaaccsé + Cdzr—-sxn o (=]

r

W~Sb( 4 -xm) -Sr x. «
Cu= [ ]si nac«:os§

S 4
T r
+ G -g—s“ -—-2—-—x"'_x° in® €3
g N [ A ]S na
where
¢
Je, ©20O2Rdx
¢ — <
P
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Obviciisly,. the first terms on the right
hand sides of ‘Eqns.2 and 3 come from the
potential theory. -while the second terms
represent: the effects of the viscous
leeward flow separation. For Sl=0. Eqns. 2

and 3 take the forms for the closed-nosed
bodies [9,16-20). Therefore, Eqns.2 and 3
may be used for the closed-nosed as well as
for the flat-nosed Bodies of revolution. It
is obvious that C and %, should be

evaluated firs!..in order to calculate CN
and Cu from Eqns.2 and 2. For this purpose,

the bodies may be tested at o=90 deg. in
the wind tunnel, as has been done by Allen
and Perkins (9). But., these parameters may
also be-calculated by using the available
sufficient experimental drag data on
cylinders in two-dimensional flow (9). The
variation of €4 with the crossflow Mach

number and t%“e crossflow Reynolds number
and the variation of n with the
length-diameter ratio of the cylinder are
given in Refs.16, 18, and 20, based on the
experlimental data.It is not easy to
calculate <, and x_from Eqns.4 and S by

assuning that ¢ o and 7 are functions of x.

Therefore, Allen and Perkins [83 have

assumed that the crossflow around a body of
revolution of finite-length ¢ moving at the
velocity Vm and with the angle of attack a

is similar to the crossflow around a
corresponding cylinder of finite-length ¢

*and of constant diameter d°=sp/t moving at

the velocity Vmsi na. Thus, since €4 and n

are not functions of %, and Eqns.4 and S
become, respectively, as

o4 = NSy w
4
faRxdx
o
Xc= —-—g——-—— <7
P
where the value of ¢ dc corresponds to the

crossflow Reynolds number
V sina d
Re = kJ 2

ed v
]

and the grossflow Mach number
Mc= Mmsinu

while thx value of y» corresponds to the
ratio of l./d . The data given in the

ut.erabure '.’15 19,20) for 1n is for subsonic
conditiohs. but in ;practice it has been
found- that -n-Should be set to unit in
supersonic £18w (7). Hence. C may be

calculated from Eq.6 by using the
experimental da}.a given in the literature
{16,19,20] for Sy and n for the circular

cylinder.

-5

For rough engineering estimations,. the
axial force coeficilent for slender bodies
may be appr wximated as

- 2
C‘ Cbocos o s

by assuming that the axial force is
produced only by the axial flowfield that
is similar to the flowfield in the a=0 deg.
case [{16;10), Here, »cno is the drag

coefficient at a=0 deg.

After the determination of ¢y G, and C,

the 1ift and drag coefficlients and the
position of the center of pressure may be
obtained, respectively, by

CL= CNcosa - CAsi neo (<>

CD= CNsina + CAcosa 10>
xc P xm Cu

———= .7__’ - —C—n €11d

where xcp shows the axial distance from the
body nose to the center of pressure [18].
This method is applied to the
configurations considered in the balance

measurements. In this application, the
values of Cno obtained by the balance

measurements are used to calculate <'_'A from

Egn. 8. The thecretical results are
presented in Section 8, together with the
balance measurements, for comparison.

] RESULTS AND DISCUSSION

The surface flow visualization photographs
for a=0 and 20 degs. are shown in Figs. 4
and 5, respectively for the pointed and
truncated cone-cylinder bodies. The
limiting streamlines and the separation
lines on the bodies are observable from
these photographs. Hence, these photographs
give some qualitative results about the
effects of the geometrical shape and the
angle of attack on the flowfield.

As seen from the photographs for a=0 deg in
Figs.4 and 5, the gravity effect on the oil
fiow over the models during the flow
visualization tests, makes it difficult to
analyse these pholographs, since the oil
flow keeps a curved path near the aftward
of the models due to this effect. However,
the circular flow separations Chence the
circular separation bubbles) around the
nose-main body junction and around the
trunczted nose of the models are quite
lear. The effects of the geometrical
modifications considered here on these flow
separations may also be analysed
qualit,fauvely from these photographs as
follows. The circular separation and the
circular separation bubble are quite
significant around the nose-body junction
on Model 1A. This flow separation becomes
less significant when the nose cone angle,
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Fig. 4a Surface flow visualization pbotographs of
the pointed cone-cylinder bodies for a=0 deg.

R T Y P e
Py . [ P

Fig. 5a-Surface flow visualization photographs of
the truncated cone~cylinder bodies for a=0 deg.

Fig. 4b Surface flow visualization photographs of
the pointed cone-cylinder bodies for a=20 deg.

Pig. 5b Surface flow visualization photographs of
the truncated cone~cylinder bodies for a=20 deg.

MODEL

1A

2A

3A

4a

MODEL

3A

3B
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&, decreases, so that it is not identified
on Model 4A. Circular flow separations with
the circular separation bubbles are also
exist around the truncated conical noses
This separation becomes more significant
when the nose bluntness, d(ﬁ. increases.

It is alsoc interesting to see that the
separation around the truncated nose of the
model, reduce the significance of the
separation around the nose-main body
Junction.

As seen from the photographs for a=20 deg.
in Figs.4 and B, the leeward flow
separation produced by the incidence,
cooperates with the circular flow
separations. On the leesides of the conical
and c¢ylindrical parts of the modeis, the
primary separation iines are completely
observable. The secondary separation lines
on the cylindrical parts of the models are
partly visible On the lee-sides of the
cylindrical parts of the models, just after
the conical noses, (on the shoulders of the
nose-main bedy junction) three dimensional
complicated vortex formation exists as a
result of the interactions between the flow
separations caused by the incidence and the
discontinuities in the slope of the body
surface. It is not easy to sketch the full
structure of this complex vortex formation
from the present photographs taken from
enly one side; but it is observable that
this vortex formation is quite sensitive to
the nose cone angle, 8, The complexity of
this three dimensicnal vortex formation
becomes more significant when the nose cone
angle, €, increases. The leeward primary
separation lines, on the cylindrical parts
of the models, first make a curve near the
nose (due to the vortex formationd, and
then lie along about the equatorial line of
the body. The leeward separation lines, on
the conical noses of the models, lie along
the meridian lines. However, the locations
of these separation lines move with the
nose cone angle, &, so that when &
decreases the separation line moves
downward toward the equatorial line of the
conical nose. For instance, the leeward
separation line on the conical nose of
Model 4A exist along about the equatorjal
line, although it is not observable on the

nose of Model 1A from the side-view.
Obviously, this fact affects the vortex
formation and the flow separation on the
cylindrical parts of the bodies. The
leeward separation lines on the truncated
conical noses make a curve near the
nose-tip due to the vortex formation on the
nose-tip of the truncated conical noses.
The vortex formation over the nose~tip of
the truncated conical nose becomes larger
when the nose bluntness, d‘/d. increases

The experimental and thecoretical results
for the variations of CN, C”. CA and xcp/t

with « are plotted in Figs.8~9 and

Figs 10-13 respectively for the pointed and
truncated cone cylinder models. The
observations obtained from these plots are
as follows:

1> Unlike the potential theory, the
method of viscous crossflow analogy is
generally in agreement with the
experimental results for the pointed and
truncated cone-cylinder bodies even at high
angles of attack.

The scatter in the experimental data for CA

is large, since the balance measurements
are performed at a very low freestream
velocity as 10 mrs so that the axial force
to be measured has very small values.

There is a considerable d.screpancy between
the experimental results and the method of
viscous crossflow analogy “or the location
of Lihe center of pressure in the case of
small angles of attack Cadi( deq.?. However
Eqn.11, used to obtain the location of the

center of pressure from C“ and CNE loses

its meaning in the case of small angles of
attack since the values of both CN and Cu

go to zero In the case of the small angles
of attack, the accuracy of the balance
tends to be poor for the same reason

2) The variations of CN and Cu with o

are nonlinear for all the pointed and
truncated zone-cylinder models CA shows a

Model 1A Mndel 2A

Model 3A Model 4A

2.0

CN
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Figure—~8 Normal force coefficient versus angle of attack
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° Experiment




11-8

CA

CXCP

05

o8

06

04

02

00

05

00

-05

Model 1A Model 2A Model 3A Model 4A
3 008 - —
-4 =
.lllllll['(]llll]ll!lll(ll AR RN RS RN SRR R AR RS RESAN RERAN BRRRE AR RRAL) IARAAREESERREERREERALREA!
00 50 100 150 200 250 00 50 100 150 200 250
ALPHA  deg 00 50 100 150 200 250 00 50 100 150 200 250
Figure—7 Pitching moment coefficient versus angie of attack
——— Method of viscous crossflow onalogy
— — = Potential theory
o Experiment
Model 1A Model 2A Modet 3A Model 4A
4o o .
l_ﬁm . 3 8, oa ° 09
4 ° ° 4
"llll]llll‘!vrl]"llﬁllll IR R R R RN RN RS AN ER AN EERE R TYTTV T T TIT T I TP i vTIvIry
00 50 100 150 200 250 00 50 10.0 150 200 250
ALPHA  deg 0.0 50 100 150 200 250 00 50 100 150 200 250
Figure—8 Axial force coefficient versus angle of attock
—— CA=CpCosa
° Experiment
Model 1A Model 2A Mode! 3A Model 4A
3
40 ° °g 0
: ;g:;lﬁ—— ®0,0900%0 W ° =
BERAE AR RN RARR A A R AR AL AR R R R R RN R R R R R R N R lllllllll[ll]l'llll'lil[ IRR AR EEREREARERARRARERS
00 50 100 150 200 250 00 50 10.0 150 200 250
ALPHA  deg. 00 50 100150 200 250 00 50 100 150 200 250

Figure—9 The location of pressure center versus angle of ottack
—— Method of viscous crossflow analogy
— — - Potential theory

° Experiment

R T 4




‘yw'

7

CN

CM

20 Model 3A Model 38 Model_3C
15
103
-1 (3
1 o - -
05 7 8.~
- o
o4 Cad
00
"0.5 . I[l||llll|llll'rlll|[TITI I AR AR AN R AL RN R l‘llllTrll'lTT]]lrl’llllll
00 50 100 130 200 250 00 50 100 150 200 25.0
ALPHA  deg. 00 50 100150 200 250
Figure~10 Normal force coefficient versus angle of attack
Method of viscous crossflow analegy
— — - Potential theory
°  Experiment
-20 Model 3A Model 3B Model 3C
-1.5 ]
~t.¢ ]
-05 3
oo 4
05 l’]’lllllll’lllrrl'lll[[lll AR ERRAE RREA R REREERARREE] Illl]ll(llllll‘(Tll]lf1'
00 50 100 150 200 25.0 00 50 100 150 200 250
ALPHA deg. 0.0 50 100 150 200 250
Figure—11 Pitching moment coefficient versus angle of attack
Method of viscous crossflow anclogy
— — - Potential theory
°  Experiment
1.0 Mode!_3A Modet 3B Modet 3C
08
0.6
0.4 - .
(-3
'1 o 8 e o® %o ——-g—rgi-—&_g,_____
025° "2028 4tvi—2e8 o ° %
Uio [
k4 ° °
0.6 RN R AR AR B AL R AR AR R R S R R R A RN A N R RN N SRR N R EER RN
00 50 100 150 200 250 00 30 100 150 200 250
ALPHA  deg. 0.0 S50 100 150 200 250
Figure~12 Axial force coefficient versus angle of ottack
CA=CqpCostt

o  Experiment

119




R ¥ TR T WA A eaY e gy

Fi

PR S v s

11-10

15 Model 3A Model_38 Mode! 3C
5 4 ‘r
1
& 4o ]
s ]
© E 3
1. .
478
° WWW
0.0-j' 1
_0-5-4llll'lll‘lj'llil‘lllll“lll’ AR RMARAREERRARBARARERS l'I'Tlll‘lllllllllllll

00 50 100 150 200 250

ALPHA deg 00 50 100150 200 250

Figure~13 The location of pressure center versus angle of attack
Method of viscous crossflow onalogy
— — —~ Potential theory

°o  Experiment

slight decrease with a in the range of «
considered here. The center of pressure
moves forward with a in the range of small
angles of attack Cal10 deg.) and then
slightly moves backward accerding to the
experimental data.

3 CA slightly decreases when the nose

cone angle decreases for the pointed
cone-cylinder models as seen from Fig.S8.
For instance, for a=0 deg. CA Ci.e., CDOD =

0.358, 0.20, 0.19, 0.18 for Models 1A, 2A,
3A and 4A respectively.

The axial force of a cone-cylinder body is
increased by truncating the conical nose.
Hence, CA increases with the nose

bluntness. For instance, for a=0 deg.,
CA(i.e. ’ cno:. x 0.19, 0.22, 0.28 for Models

3A, 3B and 3C respectively.

4> The nose cone angle of a pointed
cone-cylinder body affects not only the
axial force but also the other aerodynamic
characteristics such as the variations of
CN and Cu with a. When the nose cone angle

decreases (from model 1A to 4AD, the
increase of C.'N with a becomes slightly

slower and the increase of -C“ Cwith

respect to the nose tip pointd becomes
slightly faster as seen from Figs.® and 7
respectively. However, these facts are not
clear in the present balance measurements
as nuch as in the results of the method of
viscous crossflow analogy. Therefore, more
accurate balance measturements are
necessary. Indeed, the first fact may be
due to the decrease of planform area when
the nose cone angle decreases and the
second fact may be related with the
movement of center of pressure backward
Cthus, may be related with the planform
area distribution and the flow field) when
the nose cone‘angle increases as would be
seen from Fig.9.

The aerodynamic characteristics, not only
CA but also (:N and C“ of a cone-cylinder

body are affected by truncating the nose of
the body. The increases of CN and —C“ Cwith

00 50 10.0 150 200 25.0

respect to the nose tip pointd with a
become slower by truncating the conical
nose of a cone-cylinder body as seen from
Figs.10 and 11 respectively. However, these
facts are not clear in the present balance
measurements as much as in the results of
the method of viscous cr¢ssflow analogy.
Therefore, as indicated befcre, nore
accurate balance measurements are
neccessary. Indeed, the first fact may be
due to the decrease of planform area when
truncating the nose and the second fact may
also be related with the movement of center
of pressure forward Cthus, may be related
with the planform area distribution and the
flowfieldd when truncau'ng the nose, as
would be seen from Fig.13.

5> According to the balance
measurements, the center of pressure moves
with o, first forward in the range of small
angles of attack (a10 deg.>, then backward
in the range of high angles of attack (o010
deg.) for all the models, as seen from
Figs.8 and 13. However, the method of
viscous crossflow analegy indicates a
backward movement of the center of pressure
in all the range of angles of attack
considered here. The agreement’'between the
results of the balance measurements and the
method of viscous crossflow analogy, for
the location of the center of pressure, is
rather good at high angles of attack (10
deg.>, unlike that at small angles of
attack.

As seen from Fig.9, when the nose cone
angle, 8, decreases (from model 1A to 4A>,
the center of pressure moves backward.

Fig.13 indicates that the center of
pressure of a cone-cylinder body moves
forward by truncating the conical nose.

These facts are related with the normal

force distribution and hence may be related

with the planform area distribution and the '
flowfield. However, to analyse these facts

in more detail, some pressure measurements

on the models and some more flow

visualization tests that show the top-views

of the models are necessary.
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7. CONCLUSTONS

The aerodynamic characteristics of
eylindrical bodies with pointed and
truncated conical noses are investigated
experimentally and thecretically at the low
Mach number in the range of angle of attack
of Ofaf20 deg. The Reynolds number, based
on the maximum body diameter and the N
freestream conditions, is about 4.1x10

Surface flow visualization is made by using
the oil method at the angles of attack a=0
and 20 degs., Balance measurements are
performed and the potential theory and the
method of viscous crossflow analogy are
applied in order to obtain the variations
of €., €, C and x /¢ with a,

N M A cp

experimentally and theoretically, over the
range of angle of attack Ofas20 deg.
Comparison is made between the experimental
and the thecoretical results. The major
conclusions are as follows:

1> At zero angle of attack, a circular
separation Ca circular separation bubbled
exists around the neose-main body junction
of a pointed cone-cylinder body. The nose
cone angle is a parameter affecting on the
scales of this circular separation bubble
so that this circular separation bubble
becomes smaller and finally disappears when
the nose cone angle decreases.

If the nose is truncated, a circular
separation bubble also exist around the
blunt nose. The nose bluntness affects not
only the scales of the separation around
the blunt nose but also that around the
nose~main kbody junction. When the nose
bluntness increases, the nose separation
becomes larger but the separation around
the nose-main body junction becomes
siightly smaller

If the cone-cylinder body has an angle of
attack, the leeward flow separation
produced by the incidence interacts with
the circular flow separations. Then, the
flow field becomes more complex. Pairs of
vort.ices exist over the upward-side of the
truncated blunt noses and over the
nose-main body junctions. The complexity of
this three dimensional vortex formation
becomes more significant when the nose cone
angle and bluntness increase.

2) Unlike the potential theory, the
method of viscous crossflow analogy is
generally in agreement with the
experimental results for the pointed and
truncated cone-cylinder bodies even at high
angles of attack.

3> The variations of normal force and
pitching moment with angle of attack, «,
are nonlinear for the pointed and truncated
cone-cylinder bodies. The axdial force shows
a slight decrease with a. The center of
pressure moves forward with a in the range
of small angles of attack CaliO deg.) and
then slightly moves backward.

4) The axial force increases when the
nose cone angle or the bluntness increases.

%) The nose cone angle and the nose

SP——r v = i o e e [P P
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bluntness of a cone-cylinder body affect
not only the axial force but also the other
aerodynamic characteristics such as the
normal force, pitching moment and the
location of the center of pressure.

When the nose cone angle decreases, the
increase of the normal force with o becomes
slightly slower although the increase of
the pitching moment C(with respect to the
nose tip peintd, in the negative direction,
becomes slightly faster.

The increases of the normal force and the
pitching moment (with respect to the nose
tip pointd, in the negative direction, with
o, become slower by truncating the conical
nose of a cone-cylinder body. The nose
bluntness increases these effects.

The center of pressure of a cone-cylinder
body moves backward when the nose cone
angle decreases and moves forward by
truncating the conical nose.

These facts may be related with the
variation and the distribution of the
planform area of the body and the flowfield
around it.

6> More experimental studies are
necessary to analyse the problem in more
detail.
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Abstract

Systematic Investigationrs of Body-Wing-Tail
Interference at High Angles of Attack

K. Hartmann

Deutsche Forschungsanstalt fur Luft- und Raumfahrt e.V.

Institut fir Experimentelle Strdmungsmechanik
D-3400 Gdttingen, Bunsenstr. 10, FRG

and

0. Nikolitsch
Messerschmitt-Bdlkow-Blohm GmbH
Unternehmensbereich Verteidigungssysteme
D-8000 Minchen-Ottobruan, FRG

Six component measurements were carried out on several combinations of an ogive-circular

cylinder body

without and with lifting surfaces having rectangular planform and sharp

leading and trailing edges. These experiments were performed i1n the subsonic compres-

sible speed

range at various Reynolds numbers up to high angles of attack. For the same

geometries the forces and moments were calculated and compared with the experimental
results. It was the aim of this combined investigations to get a better understanding of

the vortex

over such body-wing-tail combinations and to generate a reliable data

base for the validation and improvement of prediction methods and to obtain hints for a
more accurate theoretical modelling of the flow fields.

Nomenclature
Alfa, a
A

Cm = M/(q S D)

CN

/(q - 9S)

)
M

Ma

Mac

N

P

q = (1/2)pV?
Re

S = (xD?)/4

Angle of attack

Aspect ratio

Pitching moment coefficient; reference point 1s body nose tip
Normal force coefficient

Orientation of all forces and moments see system of coordinates
in Fig. 1a. Moments are positive 1f they form right hand screws
looking 1n positive direction of x, y, 2

Body diameter, reference length, 35 mm

Pitching moment, reference point 1s body nose tip

Mach number

Cross-flow Mach number

Yawing moment, reference point 1s body nose tip

Freestream static pressure

Freestream dynamic pressure

Reynolds number, based on body diameter

Body cross-section, reference area

Freestream velocity

Cartesian coordinates, origin 1n body nose tip, see Fig. fa
Side force

Normal force

Critical angle of attack, definition see Figs. 16a and 16b

Roll position of the lifting surfaces relative to the body,
see Fig. 1a

Body roll angle about longitudinal axis,
%= 0°, see Fig. 1a

.

Freestream density

f e e ———




- .

'
i
H
!
1

14-2

1. Introduction

The 3-d flow fields around slender bodies without and with 1ifting surfaces can be very
complex and are predominantly dependent on the geometry of the combinations, the angle
of attack and the Mach and Reynolds number. The complexity of such flows causes great
difficulties in the understanding of the underlying flow phenomena and their theoretica!
treatment. At higher angles of attack the flow separates from the body and lifting
surfaces. Consequently, vortices are shed from the configurations in different ways and
a variety of flow patterns on the leeside can occur. These flow structures produce large
forces and moments in the pitch and yaw plane in a non-linear way.

In this connection the body alone is the most complicated component of a body-wing-tail
combination because the positions of the separation lines are not fixed on it, as in the
case of a sharp-edged wing. The flow separates from the body along lines which result
from the interaction of the external flow with laminar or turbulent boundary layers. The
state of the boundary layer prior to the separation has a striking influence on the aero-
dynamic loads which therefore depend considerably on the Reynolds number. Reyarding the
Reynolds number it {s a problem to decide which kind of definition (characteristic
length) describes best the transition and separation process of a 3-d boundary layer.

On the other hand ' .e transition from an attached flow to a completely separated flow of
a wing is reached already at low angles of attack especially if higher aspect ratios are
involved.

0f great influence on the experimental results are the special test conditions of the
wind tunnel consisting of flow unsteadiness (turbulence level and structure), model
vibration (no ideally rigid model-support-system) and manufacturing imperfections espe-
cially on the body nose tip, on the wings and on their surfaces. The latter influence
leads, at least in the case of a body, to a strong dependence of the forces and moments
on body roll position (¢) and turbulence as shown for example by K. Hartmann [1].

In addition to the phenomena just described further problems are caused by the mutual
interaction of the vortices arising from the body and the lifting surfaces of a body-
wing-tail combination.

Starting from the background mentioned before a detailed test program has been estab-
lished in order to investigate the complicated vortex flow fields over slender bodies in
combination with lifting surfaces at high incidences and at various Reyncids numbers.
Figure tb comprises the tested configurations. The experimental results are considered as
a contribution to the improvement of existing prediction codes. Such computational
methods which can provide reliable results at low costs are a useful tool in applied
aerodynamics.

2. Models

In order to restrict the number of geometrical parameters of the missile an ogive circu-
lar cylinder body of constant length was chosen as body alone. Cruciform lifting surfaces
having rectangular planform areas were mounted on the body in a forward position as wing,
at the body base as tail and simultaneously in the same locations as a complete body-
wing-tail combination. The leading edges of the cruciform wing are positioned at a
distance of 4D behind the body nose tip. All lifting surfaces are rectangular panels witl
sharp leading and trailing edges. Their chord length is 1D (D = 35 mm, body diameter),
see Figure 1b. The wing and tail panels are mounted on sleeves which are parts of the
body. These sleeves can be rotated about the body longitudinal axis and fixed at any roll
position () relative to the body. All components of the models were made of steel to
very close tolerances and with a high degree of surface finish. For surface flow visuali-
zations the models were darkened first by browning and later by a black painting. Further
informations were given by V. Kanagarajan and K. Hartmann [2,3,4,5].

3. Wind Tunnel and Test Set-Up

The measurements were carrfed out in the high speed wind tunnel (HKG = Hochgeschwindig-
keits-Kanal Gdttingen) of the DLR. A sketch of the wind tunnel (HKG) is given in Figure
2a. This tunnel is of the suck-down type and works between the atmosphere and a vacuum
container with a capacity of 10 000 m*. Atmospheric air flows through the dryer, the
setting chamber, the test section inside a vacuum-proof plenum chamber, consisting of a
subsonic open jet or, alternatively, a supersonic flexible Laval nozzle, the convergent-
divergent adjustable diffusor and a butterfly valve into a vacu'm vessel. The evacuation
of the vessel is done either >y vacuum pumps or by the suction pump of the DLR transonic
wind tunnel. For the open-jet subsonic test section, which was used for the present
experiments, the nozzle exit i1s of a square cross-section, measuring 0.75 m x 0.75 m,
with a Mach number range from .38 to values approaching sonic speed. Depending on the
selected Mach number, the large size vacuum container allows the wind tunnel to be
operated for 40 to 60 sec. Figure 2b demonstrates how in this tunnel the Reynolds number
varies with the Mach number. A detailed description of this tunnel was given by

H. Ludwieg and Tn. Hottner (6,7].

The basic model support, Fig. 2¢, allows a pitch range of -10° to 35°. A cranked piece,
Fig. 2d, was used in combination with the basic sting support to reach angles of attack
up to 70° or somewhat more depending on the straight sting deflection. For the force and
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moment measurements a strain gauge balance (1ASK Corporation, USA) of an outer diameter
of 75" was used. The electrical outputs of the balance were acquired by the electronic
data acquisition system of the wind tunnel and processed on the main computer of the DLR.

4. Test Program

Force and moment measurements were executed at three subsonic Mach numbers, Ma = 0.4, 9.6
and 0.8, at anglas of attack ranging from -5° up to about 70°. The accompanying Reynolds
numbers, based on body diameter, are according to Fig. 2b, Rex10"%=0.28, 0.39 and 0.45.

It is known, for example from {1], that the flow asymmetry around the body alone and
consequently the aerodynamic forces acting on it are, among other geometricel and aero-
dynamic parameters, depzndent on the bdody roll orientation which 1s defined as roll angle
® in Fig. ta. In order to demonstrate the dep=ndence on this roli angle ¢ and to fix a
body roll position of highly asymmetric flow structure on the leeside some additional
tests were performed. To this end the body alone was rolled over 360° 1n steps of 60°.
The starting roll position ¢ = 0° 1s arbitrary and was marked on the body. Great flow
asymmetry was found at ¢ = 60°, A* ~11 tests the body was kept at this ¢ = 80° roll
orfentation. Under this condition . e lifting surfaces were added to the body in order to
getl strong interference effects of the asymmetric body vortices on the wing and tail
panels which were mainly 1ntended to investigate. Measurements were made for the + (7 =
0°) and x (= = 45°) position of the wings and tails.

on addition to the force and moment measurements some flow visualization erperiments were
conducted in the 3 m x 3 m low speed tunnel (NWG = Niedergeschwindigkertswindkanal
Géttingen} of the DLR using smoke and a laser light sheet. With the aid of this technique
the leeside vortex structures were made visible for a subsequent gquantitative image
processing.

5. Results
£.1 Experiments

The complete data obtained in the course of all experiments are documented in several
internal reports £2,3,4,5). Due to space limitation a few sigificant cases were selected
for the present publication. The data of the normal forces, pitching moments, side forces
and yawing moments are given in this paper in form of their coefficients. In the figures
the data points are connected by thin lines. As far as available the calculated results
are, in most of the same figures, depicted by tnick lines. All values of the Mach and
Reynolds numbers in the legends of the figures are averages with a tolerance of less than
1% for the Mach number and less than 2% for the Reynolds number.

5.1.1 Body Alone

In previous experiments the Reynolds number dependence of the forces acting on the nre-
sent body was investigated up to a Reynolds number of 5.7 x 10* in the incompressibie
speed range 5], Figs. 3,4,5a and 5b provide informations about the Mach and Reypolds
number dependence of the normal forces in the compressible speed range (Ma = 0.5) and at
Reynolds numbers which comprise the Reynolds numbders of the sresent investigation. These
data were obtained for a body of revolution of higher length (18 D}. Nevertheless, they
can be used for the interpretation of the presert results. Tue Reynoids number range of
the present experiments {s marked at the abscissa of Fig. 4. This suggests how strong the
state of the boundary layer {turbulent, transitional, lamirar), and consequently the tvpe
of separation, variez at a constant Reynolde number with 1nctreasing angle of attack. The
effect of Mach number on the normal force coefficient is shown 1n Figs. 5a and 5b. As
long as the cross-flow Mach number is smail in comparison with the critical value of a
circular cylinder in cross-flow the influence of the Raynolds number is predominant and
leads to a strong change of the forces and moments in the transitional range. This strong
change decreases with increasing cross-flow Mach number and vanishes finally.

It 1s shown in Figs. 72 to 7d how the forces and moments in the pitch and yaw plane
depend on the body roll vurientation ¢. Maximum side forces of different signs occur
arcund 50° incidence and can achieve values up to 50% of the normal forces. The onset of
side forces, as a consequence of flow asymmeiry, starts at angles of attack greater than
about 15°. Maximum side forces are correlated with the greatest variation of the normal
forces. Similar results, as shown in Fig. 7 for Ma = 0.4, were also obtained for the
other Mach numbers.

In addition to the parameters {(Re, Ma,o) described before, the measured forces and
moments of the body alone can also depend essentially on the flow quality (turbulence
etc.) in any test section. It is, therefore, a great problem for every experimentalist to
obtain reliable data. The reader is asked to keep this always in mind when estimating the
results of this presentation.

The measured forces and moments, as olotted in Figs. 8a to 84, show a strong nonlinear

charactaristic with the angle of attack. In addition they depend on both Mach number and
Reynolds number. -Hote that in the subsonic compressible speed range (Ma = 0.4, 0.6, 0.8)
the Reynolds.number changes somewhat with the Mach number beocause this is conditioned by
the wind tunnel, see Fig. 2b. It was shown {n other investigations [8,9,19) that at small
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angles of attack and at Reynolds numbers as given in Fig. 8 turbulent separation takes
place because of great effective Reynolds numbers as a result of great effective
reference lengths resulting in small values of the normal forces. With increasing angle
of attack the influence of the body vortices becomes stronger and the limiting streamline
as reference length of an effective Reynolds number ranging from the stagnation line up
to the separation lines becomes shorter. Therefore, the effective Reynolds number becomes
smaller and the separation passes into its critical mode (critical Reynolds number
regime) accompanied by increasing normal forces. At Mach numbers greater than 0.4 the
crivical cross-flow Mach number Is reached in the present case at « = 45° or = 32°,
respetively. This introduces additional effects, i.e. shock boundary layer interactions.
Higher values of the normal forces were obtained at higher Mach numbers. The increase of
the aerodynamic coefficient caused by the Mach number is greater at high incidences than
at moderate ones where the change is mainly caused by the Reynolds number.

The accumulation of data points between &« = 30° and 40° is caused hy repeated measure-
ments after changing the mecdel support, see Fig. 2¢ and 2d, for measurements in the upper
range of angles of attack.

The flow field around the body becomes asywmetric approximately at o = 15° which leads to
the onset of side forces as can be seen in Figure 8. With increasing angle of attack the
side forces grow, change their directions and reach maximum vulues at about 40° to 50°
and 60° to 70°. The side forces decrease with increasing Mach number.

In addition some fiow visualization experiments were carried out in the incompressible
speed range 1n order to get a visual impression of vortex structures, which cause the
side forces and moments. The trajectories of the shed vortices were extracted from the
experiments and compared with calculations as shown 1n Figure 6.

5.1.2 Body-Tail and Body-Wing-Tail Combinations

In order to show the Mach numner dependence of all forces and moments renresentative
examples are selected from the complete data. These examples are plotted .n Figs. 9a to
9d and 10a to 16d. It can be seen that differences among the normal forces and pitching
moments occur mainly at high angles of attack and transonic Mach numbers (Ma = 0.8). The
side forces and yawing moments decrease with increasing Mach number, similar as described
fn 5.1.1. Their onset is independent of the Mach number.

All combinations have non-linear force and moment characteristics with respect to the
angle of attack. These non-linearities are strongest for the +-position of the lifiing
surfaces, see Figs. 11a to 11d. They are weaker for the x-positions, see Fig. 12a to 12d.
A nearly linear behaviour show the characteristics of the body-wing-tail combination in
the x-position up to « = 50°, see Figs. 13a to 13d.

In the case of the body-wing-tail combinations the side forces and yawing moments are
only weakly developed as Figs. 13c and 13d show. This is presumably caused by the far
upstream located wing which strongly reduces the asymmetry of body vortices. In contrast
to that the body-tail combinations show side forces and yawing moments which are of the
same magnitude as for the body alone.

The trends of ail normail force and pitching moment curves show an 1ateresting common
feature. A distinct decrease of the slopes of the characteristics can be observed at
incidences of about 10°. This effect is especially evident in the case of the body-tail
combination with 4D span. The measurements shown in Figures 9 to 13 clearly demonstrate
that this phenomenon depends on the aspect ratio of the rectangular lifting surfaces, the
roll orientation of the combination (+- or x-position), the Machk number and the local
angle of attack of the lifting surfaces. It was attempted in section 5.2 of this paper to
give an interpretation of this fact. The relating calculations seem to confirm this
observation. But it must be kept in mind that downwash effects can contribute similar
effects, particularly when a body-wing-tail combination is considered 1n x-position.

5.2 Calculation

The numerical technique used in this report for the computation of the aerodynamic coef-
ficlents of cruciform wing-body combinations for high angles of attack and for arbitrary
roll angles in the subsonic speed range 1s based primarily on a component buiild-up
technique of body and wing. This method is a very useful, fast and inexpensive tool for
the prediction of the aerodynamic characteristics of siender body-tail and body-wing-
tail combinations, and facilitates the design of such configurations. It has been applied
before up to medium si1ze angles of attack [11,12,13,14).

The measurements presented in this report were considered to be a valuable validation
test for this prediction code. Te check also the limits of the method calculations up to
very high angles of attack were performed. The results presentad in this report have been
limited to Ma = 0.6 cases. The configurations included in the tests (body alcne, body +
tail, body + wing + tail) represent rather challenging geometries with regard to theo-
retical treatment because of the long body and the relatively high aspect ratio wings.

eI

The linear part of the body aerodynamics is treated with slender body theory or option- *

ally with & 3-d method of source distributions on the body surface. The non-linear part 5
of the body aerodynamics was simulated by a multi-vortex-model. This flow model works
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with asymmetric vortex arranagements, so that 'out of plane' forces and moments can be
estimated. The caluclated normal forces of the body agree very well with the experimental
data, see Figs. 7 and 11 to 13. A good agreement of the predictions with the measurements
was obtained for the slopes of the normal force and pitching moment curves at « = 0°.
Also the basic characteristic of the side forces for the body alone case 1s reproduced
relatively well 1f one considers the complicated flow phenomena. The minimal disturbances
fixing the directions of the side forces and yawing moments in the experiment cannot be
simulated theoretically. for that reason the sign of the calculated characteristics was
adapted to experiment. The vortex shedding 1s controlled by Strouhal number. The
calculated vortex trajectories are compared in Fig. 6 with results of additional
experiments as mentioned already 1n section 4.

The forces and mements of a cruciform wino are calculated by a non-linear vortex lattice
method as descrited by D. Nikolitsch [9). It was assumed that the free vortex sheets
leave the cruciferm wing inclined by a half of the local angle of attack. The influences
of the body and the velocity field i1nduced by the body vortices were taken into account
by computing the downwash on the cruc:form wings. Incidentally this approach is simiiar
to the method of 'equtivalent angle of attack' . Whereas the influence of the wing on the
body is covered by the interference factor Kg{W) according to Nielsen [15], the Mach
number effects are taken 1nto account by the Prandti-Glauert factor.

for all body-tail and body-wing-tail combinations the calculations reproduce the linear
and non-linear parts of the normal forces and pitching moments relatively well at angles
of attack up to about 10°. If the aspect ratio of the wing 1s small enough agreement with
experiment 1s obtained up to angles of attack higher than 10°. A pronounced reduction of
the normal force curve occurs for higher aspect ratio wing combinaticns at a certain
angle of attack. This 1s obviously caused by the abrupt breakdown of the leeside struc-
ture of the wing flow. This effect is shifted to smaller angles of attack with increasing
aspect ratio. It must also be kept in mind that due to the presence of the body the local
angle of attack 1s increased, as shown in Fig. 14. Thereby the onset of flow breakdown 1s
reached sooner. It is necessary to cover these effects in calculations, see the principal
sketch in Fig. 15. As long as a fast prediction method ‘for the wing alone characteristics
up to 90° consistent with the component build-up technique is not available, an empirical
data base has to be used. Since a systematical measurement for a special class of wings
alone of different aspect ratio up tv angles of attack of & = 90° exists (Esch [ 16)) an
empirical correction of the prediction method with the aid of these data seemed to be
possible as a prel:iminary extension. An equivalent angle of altack was calculated on the
wing the aerodynamic values of which were determined by the procedures mentioned above 1f
oeq < acrit (See F1g. 16a and 16b). For angles aeq > acpjy the Esch data base was used to
model the wing component in the component build-up procedure. As can be seen 1n Figs.
11a, 11d, 12a and 12d tnis method provides good agreement with experimeatal results up to
very high angles of attack. Some calculations were performed without this empirical
correitionﬂ see Figs. 13a and 13b, which show far higher discrepancies at high angles of
attack.

6. Conclusions

For engineering purposes measurements of body, body-tail and body-wing-tail combinations
were presented and ccmpared with an analytical method which 1s based on the approach of
coefficient synthests. For the bedy alone the calculations provide reasonable results up
to high angles of attack. The prediction of the characteristics of the body-tail and
body-wing-tail combinations turned out to be more Jifficult at very high angles of attack
due to the massive flow separation on the lifting surfaces. It 1s conlcuded that an
improvement of the prediction method within the scope of a coefficient synthesis must
comprise 2n enlarged empirical data base for wings and the development of theoret:ical
flow models for the separated flow over arbitrary shaped wings. The Reynolds number
influence for the body 15 to be taken into account, too.
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SUPERSONIC VORTEX FLOWS AROUND A MISSILE BODY
BASIC EXPERIMENT AND EULZR NUMERICAL COMPUTATION

by

Jérdme LORDON, Jean-Christophe FARE
AEROSPATIALE, Division Engins Tactiques, Chatillon-sous-Bagneux, FRANCE

and

Didier PAGAN
ONERA, Chitillon-sous-Bagneux. FRANCE

ABSTRACT

At high or moderate angles of attack, boundary layers separate and vortices develop on the leeside of tactical missile
bodies. The purpose of this paper is to validate a numerical approach simulating these supersonic separated flows. In this
iterating "Coupling Technique”, the inviscid flow is computed by means of an Euler solver in: which separatio.. is ferced by
a parjetal treatment. The location of the separation line is given by a boundary layer calculation based on a three-
dimensional field method. A detailed experimental study was performed to provide a wide range of comparisons with
computations over an ogivo-cylinder configuration at Mach 2. Experiments are first described, then computational
results are presented for different angles of attack. Calculations over a body-tail configuration finally evaluate the vortical
flow interaction with wings.

1._INTRODUCTION

The resolution of the averaged Navier-Stokes equations to compute flows over missiles and planes is a tremendous task.
If interesting results have already been presented (1] {2], both numerical and theoretical studies are still needed to get
precise, effective and prodictable tools. Furthermore, the problem of turbulence modelling is still largely open. Now,
Euler codes can be very useful for many complex industrial problems and, thanks to calibration and validation, can be
used in the development phase of a project, The present study is related to the prediction of separated flows over smooth
bodies with an Euler.code.

The nonlinearity of supersonic flows around missiles is a well known phenomenon, produced by shocks and vortices.
Shocks are solutions of the Euler equations and Euler solutions often exhibit vortices. Theses vortices can be generated by
sharp edges like leading edges or by curved shocks on the leeside of smooth bodies. Once created near the body surface,
vortex sheets develop into the flow field.

For missiles with large lifting surfaces, the main part of the nonlinear phenomena is ¢ -eated by wings and is rather well
predicted by Euler codes {3), though the origin of the entropy creation remains an open froblem. For smooth slender
bodies, the agreement betiveen experiments and calculations is often poor. We have already p ted a local tr

which enhances the Euler results [4]). The study showe! a great influerce of the separation line used as a datum on the
results (normal force, center of p , +..) but impro ts in the field and force predictions were obtained, The lack
of detailed experimental studies and the defect of empirical formula for the separation line position prevented us from
setting up a prediction method. The new experiments realized by ONERA in 1989 now allow us to define and validate a
“coupling method" for computing suparsonic flows over smooth bodies, where a boundary layer code is used to
determine the separation line from the Euler results. This method is also interesting to evaluate the interactions between
body vortices and lifting surfaces.

2. BASIC EXPERIMENT
2.1 EXPERIMENTAL SET-UP AND TEST CONDITIONS

The first part of this study provides a set of experimental results, including surface pressure measurements, surface flow
visualizations and flow field surveys, in order to constitute test cases for the validation of numerical calculations
Experiments have been performed or a 9 caliber ogive-cylinder body equipped with a 3 caliber circular oguve, in the
ONERA S5Ch wind tunnel test facility (Fig. 1). The incidence values range from 0* to 20*. The test section of the S5Ch
wind-tunrel is 300x300 mmZ, The characteristics of the incoming free-stream have been fixed as follows .

- Mach number M, =2

- Stagnation pressure Pi, = 0.05 MPa
- Stagnation temperature Tip, = 330 K.

The diameter of the model is D = 30 mm, which leads to a Reynolds number Rep = 0.16 106 The model is equipped with

17 pressure taps equally distributed along a meridian line. As shown in Fig. 2, the model was sting-mounted and could be
rotated around 1ts pitch and roll axes.

Visualizations and measurements have been completed in two cases : natural transition and transition triggered by
means of 2 5 mm large carborandum strip 1 d 30 mm from the apex. For natural transition, acenaphtene coating
visualization enabled us to verify that the boundary ‘ayer remained laminar all over the body at & = 0° Except when it is
especially mentioned, results presented in the experimental part are related to the laminar boundary layer case.
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The external flow has been investigated by a five-hole pressure probe allowing to obtain the local Mach number M, the
stagnation pressure Pj and the velocity vector (deduced with the assumption of a gnation temp , which
is a good approximation for this value of incoming free-stream Mach number).

2.2 VISUALIZATION OF THE SKIN-FRICTION LINES PATTERN

Surface oil flow visvalizations realized at & = 5°, 10%, 15° and 20° angle of attack, are presented in Fig. 3 a-d These figuras
ailow us to determine the conjectural skin-friction patterns given in Fig. 4 a-d, where top and side views are presented.

Skin-fricticn line patterns are topologically equivalent at & = 5° and 10°, and can be described as follows. All the lines start
at the :model apex. An attachment line Ag {s present in the lower side of the svinmetry plane. Primary separation occurs
along S3. An attachment line A, is visible in the upper side of the symmetry plane. The boundary layer separates again
alonig Sy, Between Sy and Sy a third attachment line A3 must exist. The latter is not visible on the visualizations because
the velocity is very low after the secondary separat.n, so that friction forces are not large enough to drive the oil Theline
Sy, as all skin-friction lines, starts at the apex, but it can be observed that the other lines do not join 51 before X/D = 4
(& = 5% or /D = 3 (& = 10°). The transverse flow organization of Fig. 5 which ircludes 2 vortices is consistent with the skin-
friction pattern.

For higher angles of attack (« = 15* and 20°), the primary separation hine 5 is clearly visible from the apex. The singular
lines A, Ay, S and Ag arc also present, but between S, and A3, there are two other separation lines S3 and Sy, Dhfferent
external flow topologies are compatible with these patterns. One of them, using Sy and S and deduced from the velocity
field determined in a transverse plane (§ 2.3), is given in Fig. 6 . In this sketch, there are three vortices and a saddle point
embedded in the transverse flow field.

The location of the separation line S; has been carefully determined and plotted in Fig. 7 for the laminar and turbulent
boundary layer cases. We observe that the origin of S; comes up to the body nose tip when incidence is increased, and
reaches it at & = 20°, In the laminar case, lines determined at o =10°, 15* and 20* are close one to the other. In the
turbulent case at 5° angle of attack, the flow is fully attached, as turbulence tends to stabilize the boundary layer;
moreover, at 10%, 15* and 20° incidence, separation line locations are similar to those respectively obtained at 5°, 10* and
15° in the laminar case.

2.3 MEASUREMENTS REALIZED AT a = 20° INCIDENCE

The surface pressure distribution has been determined by rotating the model around its rolt axis. This technique allows to
realize & great deal of measurements with few pressure taps. Results obtained at 20° angle of attack are plotted in Fig. 8
together with the separation line Sy.

Measurements realized with the five-hole pressure probe in the plane X/D = 5 are presented in Fig. 9. In Fig.9a the
transverse velocity vector plots are given together with the puudwtmamuna computed with the expenmental 2D
velocity field. The isc ‘Mach number map is presented in Fig. 9b and the is map is plotted in Fig. 9%¢ .
The vector plot and the pseudo-streamlines reveal the location of the primary rand senondary vortices. On the iso-Mach
number pattern, high values of M (near 3) are reached in the area located between the primary vortex, the symmetry
plane and the body. The lowest values of M are obtained near the separation sheet coming from S1 and in the secondary
vortex area.

The iso-stagnation pressure map shows high dissipation levels in the sheet issued from Sy, the primary vortex core and
the secondary vortex. In these regions, Pj/P,g reaches values as low as 0.2,

3. CALCULATION
3.1 THE NUMERICAL METHOD
3.1.1 DESCRIPTION OF THE METHOD

The couphing techni ted here aims at improving the existing numerical calculation of vortical flows with an
Euler solver. lt consists in the generation of a vortex sheet into the flow thanks to a local treatment on the body surface
(see §3.1.2). Therefore, the separation line location must be accurately known. We proceed in 2 steps -

- first, we need to validate the implementation of the separation treatment and evaluate how results evolve when
separation is forced. To do this, we use the experimental line measured at ONERA and thus focalize on the
improveinents relevant to the numorical treatment jtself;

- once the concept is validated, we are able to perform direct calculations using an iterating method, schematized in
Fig. 10 . A first Euler calculation (including no parietal trratment) supplies data for a boundary layer computation. Then,
the interpretation of the resulting skin-friction pattern gives a first location for the separatnon line. This line can
afterwards be used as a datum for a second calculation loop. The process is said to vonverge when two successive
iterations lead to very close separation line positions.
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3.1.2 EULER CODE AND PARIETAL SEPARATION TREATMENT

The Euler code FLU3C uged for this study has been developed by ONERA and AEROSPATIALE ([5]. It solves the 3D

teady Euler equations for an inviscid gas with a finite volume approach. The flux-vector upwind splitting technique
introduced by Van Leer [6] allows to compute flows with strong discontinuities. The second order in time and space is
obtained via a MUSCL h. A TVD ¢ jon on the slope calculations reduces the scheme to first order spatially
near the extrema. A CFL condiuon limlts the time step of the explicit scheme. For steady solutions, a local time step is
used. For sup jc cal do-marching technique has been develcped. It consists in iterating in time
plane by plane, using only the upstream information. CPU time is thus dramatically lowered. The frontal shock is
captured and the grid, defined before the calculation, is not adapted. Thanks to its precision and robustness, FLU3C has
been used for several years at AEROSPATIALE to compute flows around missiles, shuttles, supersonic planes, as well as
for jet calculations and unsteady studies {7].

By locally rotating the velocity vector at the body surface during the Euler calculation, we can create a vortex sheet which
develops into the flow fleld. The aim is to make the velocity vector paraliel to a given separation line. Therefore, in each
calculation plane and At every iteration, for the tio grid points surrounding the theoretical separation location, the flow
variables are modified as follows :

Let ¥ be the ratio T.U/|U| where T is the unit vector tangent to the fuselage in the plane orthogonal to its axis at the
separation point. The separation line being known, we have ¥=¥y=TD/| D | where D is a vector tangent to the separation
line. If the separation point is between grid points k and k+1, ¥ is modified at these 2 points by interpolating according to
the polar angle ¢ :

it + Ot D ¥ G501 | Fir1 =¥z Oke19ke 220 Vier 2/ G50 2)

io avoid oscillations, entropy, pressure and total enthalpy values at points k and k+1 are determined by an interpolation
between values at points k-1 and k+2 and data belonging to the upstream plane. A relaxation technique is also used. The

speed vector modulus ! U [is then deduced from the energy equation.

3.1.3 BOUNDARY LAYER CODE

The code 3C3D, developed at ONERA-CERT/DERAT, solves the three-dimensional boundary layer equations, in which
the external pressure field is a datum of the problem 8] [9). Though parabolic, due to the diffusion terms, the boundary
layer equations system becomes hyperbolic when only the first order partial derivative terms are taken into account. This
implies the exi of infl and dependence domains, in relation with the characteristic surfaces. The streamlines
are characteristic lines as well as the lines normal to the wall. Starting from initial flow direction, integration is performed
oy x-marching. the transverse derivatives being computed according to influence-dependence rules. The code uses a
first-order but fully implicit discretization scheme and a mixing length turbulence model, though the implementation of
new turbul dels is in progress. Several longitudinal and transversal transition criteria are available {10]

After each Euler computation. an automatic interface g a curvilincar mesh - defined by its metric coefficients at
the nodes - in which the boundary and initial conditions are given (geometrical shape, external pressure distribution
calculated by the Euler code FLU3C, upstream characteristics). I each ~¢ll of the mesh, the continuity and momentum
equations are discretized and integrated along characteristic lines so that the depend rules are ically
satisfied. In practice, the momentum equations are written along the projection of the streamlines on the surfaces
parallel to the wall, which simplifies the interpolation problems.

Compared with the integral method used up to now [4}, this field method presents the advantage of allowing computation
n a wider area of the flow (especially in separated regions). However, an important part of the calculation doman
remains most of the time inaccessible to calculation, since streamlines are discarded when the boundary layer becomes
too thick or the streamline dewiation too large.

3.2 RESULTS

We compare computations and experiments to analyze the influence of the separation treatment in the Euler code. First
of all, we use the experimental separation line measured at ONERA facilities as a datum, and thus validate the coupling
method. We are then able to carry out calculations on a missile body without using any external data. Finelly,
czlculations made on a body-tail configuration provide a practical engineering case showing the influence of vortex
interaction on tails. Calculations were performed for & = 5%, 10° and 15°, since the abandoned part of tha body becomes
too wide for higher angles of attack to allow a safe determination of the separation line location

3.2, CALCULATION USING EXPERIMENTAL SEPARATION LINES

A Tarql

All the computations presented beiow over the ogive-cylinder body deal with laminar b y layers c: jons.
Figure 11 presents 3 skin-friction patterns relative to calculations made at a 15 degrees angle of attack with the coupling
method described above :

1 - using no separation treatment,

2 - using the laminar expenimental line,

3 - using the laminar experimental line with a 15 degrees shift towards the leeside.
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In such plots, the separation line is seen as a singular line to which several skin-friction lines converge from both sides of
the flow or the locus where lines issuing from the windside are abandoned. Here, the computed separation line is close to
the experimental one only in the third case. Other comparisons made at varlous angles of attack on iso-values in the
crossflow planes lead us to conclude that the separation treatment within the Euler code FLU3C indiices & constant shift
of about 15 degrees between the separation line used as an input datum and the line found with a boundary layer
calculation. This statement has not been well explained yet. From now on, we shall use a systematic shift of 15 degrees on
the separation line before calculating with FLU3C.

Figures 12 and 13 present comparisons between experimental values and Euler calculations on iso-total-pressure and
isobar lines in 2 crossflow planes at 15 degrees incidence. Two calculations are presented, one using no separation
treatment, the other using the modified experimental line. The same color scales are used for the 2 pianes. Total pressure
plots prove that the general shape of the separated flow as well as the height of the vortex are better predicted when the
separation is forced. The level of pressure is also nearer to the experimental value, though great discrepancies remain in
the vortex core, most probably due to the viscous nature of the vortex not correctly described by our perfect fluid model.

Figure 14 shows the same comparisons on the local force coefficient at @ = 10* and 15°. Experimental values were
obtained via the integration of the measured pressure values (as few empirical data were available near the apex, the
experimental results suffer from a crude interpolation in this area of the body). The separation treatment tends to lower
the pressure values on the leeside so that the normal force increases and the center of pressure moves off the apex.

Global coefficients for each incidence computed are indicated thereafter. In each case the error on the center of pressure
abscissa is reduced to lecs than 0.4 diameters and the normal force is predicted witl less than 8% error, which is suitable
for practical applications.

CN : Coefficient of the force normal to the body
XCp : Center of pressure abscissa of the body
D : Body diameter

Subscript “c” means Calculated value
Subscript "e" means Experimental value.

CNc¢ CN¢-CNe XCpe XCpe-XCpe

Separation CNe D D
Free 2255 0% 180 070
Expe line 0.276 - 2% 217 -033

Separation CNc¢ CNc-CNe XCpc XCpc-XCpe

_ CNe D D

Free 0.60 -19% 213 -1.10

Expe line 0.72 - 3% 255 -0
= - »

Separation CNe¢ CNc-CNe XCpe XCpe-XCpe

CNe D D
Free 18 ~7% 348 - 031
Expe line 167 +8% 391 +0.12
h = - = 15°

We have shown the benefit of the application of a separation treatment when the line used 1s the experimental one We
will now analyz¢ the results given by the coupling method itself, starting with an Euler computation using no
treatment at all.

3.22 COUPLING EULER CODE / BOUNDARY LAYER CODE

Whilst making calculations using the couphng method described herein, we note that the location of the separation hne
seems to converge after only two or three calculation loops. Results presented below are limited to the standard Euler
calculation (involving no treatment of separation) and the first two coupling iterations (called "Coupling #1* and
"Coupling #27). Figure 15 presents the parietal streamlines given by the boundary layer code at 10 degrees incidence for
these three cases. The "Coupling #2" case improves the skin-friction pattern near the origin of the separated sheet. The
patterns show a swift convergence of the separation line location near the experimental line. A "Coupling #3" calcalation
corroborates that statement,

In Fig. 17 are shown the parietal pressure coefficient plots versus the roli angle corresponding to these three successive
Euler calculations, in the crossflow plane X = 7D and at o = 10*. Despite a few oscillations on both sides of the separation
line, the coupling calculation results follow the experimental contour much better than the first Euler calculation ones,
especially near the leeside of the body. As expected, the separation has few effects on the parietal pressure on the
windside.

As for local forces coefficients (see Fig. 16), the coupling method also provides closer results to the expeniments The
global coefficients indicated below show the improvements given at all angles of attack when using this method.
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Separation CNc | CNc-CNe] XCpc | XCpe-XCpe
| _ CNe D D
Free 0255 _ <10% 1%) <070 _
Coupling #1 0260 - 8% 15 -057
Coupling #2 0.275 - 2% 220 “030_
= - 3 »
Separation CNc | CNc-CNe| XCpe | XCpe-XCpe
CNe 2} D
Free 050 “19% 213 ~1.10
Coupling #1 072 - 3% 254 07
Coupling #2 0.76 +1% 3.12 -0.10
Mach=2 - z=10°
Separation CNe CNc-CNe XCpc XCpe-XCpe
_ CNe D_ D
Free 148 -7% 348 -031
Coupling #1 15 “1% 359 <020 |
Coupling #2 158 2% 358 ~011

Figure 19 shows a comparions between experiments and a “Coupling #2" calculation (a = 15%) for total pressure in several
crossflow planes. Figure 20 presents a visualization of parietal pressures and skin-friction lines both with and without
separation treatment.

The calculations presented above on an ogive-cylinder configuration as a validation of the 1 i ble us
to emphasize upon the interest of adding a separation treatment to our Euler code to predict flows uound smooth bodies.
We will now discuss the results obtained over a more practical body-tail configuration.

3.2.3 VORTICAL INTERACTION WITH FINS

Up to now, calculations have been carried out on smooth slender body configurations, upon which the co ipling

ique is of great use. However, fins located at the end of a missile body may also be influenced by the vortex st eet. In
such a case, it is known that the height and location of the sheet have a strong effect over the wing lift. We shali iicr - =y to
evaluate this influence.

The configuration used to study vortex interaction is the following :
3D parabolic ogive + 12D cylinder + tail (see Fig. 18)

Measurements were performed at ONERA facilities at Mach 2 for several values of angle of attack () and roli angle (¢)
values. The diameter-based Reynolds number was Rep = 1.13 105.1n computations and experi ition is forced
and fixed at X/D = 02 . Calculations were made for § = 0° (+ position) at o = 10* and 15* and for ¢ = 45° (x position) at
a=10°.

The coefficient of the force normal to the wing and the center of pressure abscissa on the wing calculated with the Euler
code FLU3C, firstly without separation treatment and secondly after convergence of the couphing process (Couphng #2),
have been compared to experimental values.

Incidence | Separation CNc CNc-CNe XCp¢ XCpe-XCpe
CNe D D
0 Free 0563 +15% 0555 +001
Coupling 055 | +7% 0557 +001
15° Free 073 +10% 0558 +001
Coupling 0715 +7% 0558 +001
©=0° - Horizontal wing
Separation CNc¢ CNc¢-CNe XCpe XCpc-XCpe
CNe D D
Free 0.39% 64 % 055 - 002
[ Coupling 0,261 + 8% 0,60 +013
= . . 1 - ™ .

Binsctohi ed dx Tt ad Cxrd 5 ey ool
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Separation CNc CNc-CNe XCpc XCpe-XCpe
CNe D D
Free 0.420 +8% 0,55 +001
[ Coupling 0.405 +4% 056 +001
= 45* . Windsi -g=

As already ohserved in previous calculations {4], the lift on the wing depends strongly on the separation line location,
which determines the locus of the vortex core and the direction of the stream around the wing. When the tail is near the
vortex (¢ = 45°), the values of CN are morc accurately predicted when separation is forced. The influence decreases when
the tail goes away from the vortex. For the wind side tail, very few influence 5f the vortex is noticed.

4. CONCLUSION

After this study on the simulation of separated supersonic flows, we can draw the main following conclusions *

- even if not fully satisfactory from a theoretical point of view (shift in the input separation line, § 32 1), the
"Couphng Technique" yields important improvements of the Euler results and is of great interest for practical
engineering applications,

- the "Coupling Technique” ameliorates vortical interaction with fins as well as smooth body calculations,

- the Jocation of the separation line is a critical datum, especially when evaluating the vortical nteraction on
wings and calculating hinge moments,

- there is a need for further experiments with other inflow conditions providing more experimental information
about the position f the vortex sheet on a mussile body for additional validations,

- with experimental and calculated separation lines, a data base could be realized to lower the number of

iterations required.

At a time when Navier-Stokes solvers are still unable to compute all engineering configurations with a reasonable cost
and when standard Euler results prove not precise enough, the coupling method may be very helpful. However, the
boundary layer code involved should be able to compute all over the body, even at high incidences, in order to get precise
separation lines; a second order method, presently in progress at ONERA/CERT, could achieve this purpose. A
parabolized Navier-Stokes method is also being developed at AEROSPATIALE and could present both the cost-
effectiveness of the Euler codes and the global solution (viscid /inviscid) of the Navier-Stokes methods in one single run.
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Fig. 1 - MODEL AND FIVE-HOLE PROBE TRAVERSE SYSTEM IN S5CH WIND TUNNEL.
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Fig. 2 - MODEL DEFINITION AND SETUP MAIN DIMENSIONS

¥

15-7

